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FOREWQRD

The energy for llfe comes from the sun, rn the form of llght Plants L
"absorb sunllght and through,the energy conver51on and synthetlc process
“known as photosynthe51s convert, water and carbon dlox1de to carbohydrates :‘

n.such as starch and- to gaseous oxygen Some men have long dreamed of supple—

L mentlng thlS process with' practlcal ablologlcal synthe51s of carbohydrates

‘ from CO2 and water For both technlcal reasorsand economlc reasons thls
. has rema1ned a dream
The time when an’ economic synthesisrqf.starch in a factory: will become

a reality-is Still.in‘the future ---in the range of ten'to thirty years.

" The advent of<a technology for using 1nsolublllzed stablllzed enzymes makes -

ilt p0551ble to con51der the synthe51s of starch.from CO and hydrogen gas

with high' eff1c1ency. The hope of huge amounts of 1nexpen51ve energy becom- '

R ing available'either by atortic fu51on or’ by capture and conver51on of solar

' energy raises the’ p0551b111ty of convertlng water to oxygen ‘and hydrogen at'
a suff1c1ent1y low cost to rlval nhotosynthe51s

The specter of future w1despread starvatlon‘arlses from the 1ncreas1ngb
populatlon and the dlStlnCt p0551b111ty of some form of ecologlcal collapse‘
lead1ng to a sudden catastrophlc decllne in food productlon Such apprehen=
sions prov1de ample motlvatlon for con51derat10n of systems for art1f1c1al
"manufacture of starch.and for dellneatlon of technologlcal areas reuulrlng
‘some years of research. before such a system could become practlcal

This report first detalls the rationale for,maklng suchca study Then
follows a discussion of the enzyme:- catalyzed routes of synthes1s avallable _

. and a choice as to the most promising route. .Because so .many- factors -impor-

" tant to this choice are not known accurately, and some technology is not. yet
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: develepea, the choice must be tentatiye. For the guldance of future workers,
there is a discussion of enZymeefiny01§ed' of'eniyme insolubilization_tech:
nology, of p0551h1e engineering approaches, with. examples in the form of .

‘model calculations for hoth reactors and separators.‘ There is a, sectlon en

- some of the other problem areas. | Each section has its own blbllography

It is hoped that this study will be a useful starting point for other, -

more thorough‘studies of systems leading ultimately to the-achievement of this '

important goal. It is also hoped. that scientists and englneers will be mot1-
vated to seek, and government agenc1es to grant the support necessary to carry

out the research needed to make the dream a reallty

ii
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THE SYNTHESIS OF STARCH FROM CARBON DIOXIDE'
USING INSOLUBILIZED STABILIZED ENZYMES
% An Alternatlve to Inten51ve Agrlculture7

James AJ‘Bassham

INTRODUCTION

N All life requires a.continuous supply of chemical energy. ‘For most

life on earth, 1nc1ud1ng man, the ultnnate source of such energy is the

photosynthetlc conver51on.of water, carbon d10x1de and other m1nerals

to oxygen, carbohydrates and other organic compounds. The energy for

* photosynthesis comes from the sun in the form of the visible light energy’

absorbed by the plant's pigments: chlorophyll and accessory pigments.

- The most abundant immediate organic products of photosynthesis in

' green plants are the carbohydrates, especially starch, which is made of

great numbers of glucose molecules linked together. The equation of the »l
formation. of glucose and oxygen from water and carbon d10x1de durlng

photosynthesis is given by:

O

1) CO2 + HZO 1/6 C6 12O6 + O2 - AGT = +114.4 Kcal.

The one sixth_mole of glucose plus the mole of oxygen gas together contain

114. 4 Kcal. more than the water and CO2 from which they were formed. This

"energy came from sunllght It can be released again when .glucose ‘is oxi-

dlzed by oxygen to make water and carbon dioxide.

Man and other,anlmals aerobic bacteria, the non- green parts of

'plants,‘and even the green tissues of plants in the dark all depend on

this release of energy for their life processes. Without the organic
products of photosynthesis and gaseous oxygen, most life would cease to

exist.



'A'considerable fraction of the people in the world today are unable
to obtain enough food to provide sufficient energy for good health. Therg
is, of‘coufse, an additional prbblem of poor nutrition, particulariy'pro-
teih deficiency.. But even on the basis of calories alone, many people are
without a sufficient supply of energy to maintain a healthy existence.
This problem will become much more severe during thé next several decades.
This is not a statement of opinion, but a virtually certain ﬁrediction,
baéed on present population, its age profile, and the predictablé worid‘
food supply and &istribution,facilities. While most students of this
problem agree on the need for some decrease in the population growth rate,
and some hope for significant prbgress'in this area, even the most opti-
mistically low estimates of population by the yeaf 2000 show a very large
incréase over the present level.

There héve been impressive gains in agricultural productivity in
overpopulated countries as modern agricultural practices have been brought
to thoée copntfies. New‘hybrid strains of rice and other grains have
brought temporary relief from chronic famine in some areas. The appli-
cation of chemical fertilizers, pesticides, mechanized tiiling, plaﬁting,
and harvesting have all helped to hold off famines which would otherwise
have kept the population in check through starvation in India, Bangladeéh,
and dther similar countries.

Can such agricultural.miracle54continuelto prévént disasters greater
than those,which are already occurring from time tp'time? After all, many
of the famines which we have witnessed fecéﬁtly‘have‘béen due to wars and
other social aberrationgij“Uhqueétionébly,,mpdérn-agricultﬁre praétices
'»can be coﬁsiderably extended in underdeveloped'countriés.beyond their

present usage.



There are several reasons for pessimism on this SCore. Some of
these reasons‘involve‘economic and social,institutions,.and their'inabil—
ity to dellver the fruits of modern technology where they are perhaps most
needed. These problems are beyond the scope of the present dlscu551on,
and in any event would affect -just as adversely the proposal made in thlSi'

report. Mbre pertlnent to the present dlscu551on is the inherent ecolog—,‘

~jcal frallty of 1ncrea51ng1y 1nten51ve modern agrlculture

As many ecologists have so eloquently noted, there 1is great danger
- in massively reducing the diversity of species. When man eliminates'most‘ o
of the plant and animal species over a wide area in order to"concentrate
on the prodnction of a few crops, there iS“a greatly.increased-risk that. - .
a major portlon of the remaining, w1despread spec1es may succumb to the
attack of a newly 1ntroduced (or 1ong dormant) disease or predator ThlS
is partly because the attacklng agent finds an unlunlted supply of its
energy souce; that is, its food It is partly because 1ts natural enemies
are -most iikely among the species already»ellmlnated or depopulated. .Andz
it'is because the intensively cultlvated crop may be a hlghly bred new
strain in which genetlc 1nformat10n necessary to develop re51stance has
. been removed through breeding. |

Not long" ago one of these h1gh.y1e1d Varletles of maize (corm)

which had been w1de1y adopted in the Unlted States became the victim of awr_"“

plant dlsease ‘A substantlal part of the crop was 1ost Newly developed;k
1k1nds of rice have greatly 1ncreased the product1v1ty of the maln food |
‘staple in parts of Asla, This  increased productivity has’ made p0551b1e "fb"'
‘further population growth in sone already heavily popolated;areasf Con-”;
sider,the magnitude of the disaster if, at some future date,'SO% of the

annuai crop of rice in these areas should be lost due to the spreading of

A
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some long dormant rice disease for which this high-bred strain had no re-
sistance. |

There are other severe ecological problems resulting from the spread-
ing of intensive, widespread '"modern' agriculture. Runoff of.DDT‘and.
other pesticides into_rivers, iakes and oceans; runoff of excessive amounts
of fertilizers and subsequent eutrification of lakes and streams; the long-
Arecognized and still serious problem of wind and Water erosion of topsoil -
(and consequent silting of waterways); loss of nutritional valne in plants
fed nitrate'and phosphate but no trace elements... These are a few of the
adverse effects of modern agricultural practice. | |

Recognizing all of these undesirable results of man's present agri-
culture, one can perhaps be. excused for dreaming about the possibility
of turning back much of the earth's surface to a multi-specied state. No
doubt one would want to preserve the productivity of fruits and vegetables,
perhaps with the gardens and groves 1nterspersed with stands of trees and
shrubs, and fields of grass But the great areas now devoted to 1ntens1ve
cultivation of cerealxcrops couldﬂbe perhaps~reduced to 25 % of their
1 present extent w1th the Test left for parks and natural areas.

Given the present and 1ncrea51ng serious food crlses in the world,
the reduction of agriculture on the scale just proposed can hardly seem
" to be more than a dream. And indeed, it is likely to remain a drean'through
the next two critical decades. There is a possibility, however, that the
" dream could become a reality in time, even w1thout a substantlal population
"reduction. It could become a reality 1f we can 1earn how to synthe51ze
man's principal energy food, starch, economically in factories. .By this I
do not mean synthesis of starch from other forms of organic matter such as

petroleum, for we are rapidly running out of such energy rich-substances.



.lWhat'is needed is .the economic synthesiS'of starch from‘carbon dioxide{

There are a number of technologlcal problems to be solved before such
an economic synthe51s can be achieved, and these Will be discussed later
The overriding problem, however, 1s one of energy. Given a really 1nex—

‘ pen51ve and abundant source of energy, the other problems are all capable
1iof solution w1th1n 20 years or less depending on the level of research
effort. ‘ L '

Where could this energy come from? At present the industrialized
nations such as'the United'States are facing an energy‘crisis Sources
of energy Such as geothermal power liquified coal oT even breeder reac-'A“T
~ tors may help meet this crisis but are not likely to prov1de energy in
the quantity and'at'the low cost required for'economic synthetic food..

, ’There are however; two possible.sources of massive lowfcost, €noTmous
',_energy supply Both 1nvolve nuclear fu51on reactlons B |

Fision reactlons in the sun are the source of sunlight wh1ch is
already the source of energy for nearly all life on earth. There is more
than enough sunlight falling on deserts and other nonproductlve areas of _
"the earthrto prov1de not only all of our non- biological energy requlre—A‘

i ments but also to fulflll our biological requirements as well “There is-

" now a rapldly grow1ng 1nterest in solar energy conversion. It is a réaSon—

able supp051t10n that ‘the development of solar energy as an economic source

‘”?bof power will be the next big national technological commitment 1n the
T-Unlted States | : B

Naturally, at the‘present time solar energy conversion looks uneco-
nomic. Even 1ts protagonists talk about solar energy becoming more eco—

E nomically attractive after not only the technical problems have been solved

: but also when competing energy sources have become much more- expen51ve (as



seems certainJ

While this’ pe551mlsm is probably warranted for the next decade oT .S0;
1t may be unreallst1c for the future - say beyond the year 2000 Much of
the present pess1m15m is based on the ‘high cost of solar cells bUllt of |
“silica crystals.for,the space‘program Electrlcal energy produced by
such devices costs about 1000 times too much to be'competltlve w1th pres -
entvenergy sources o | o

Solar energy falllng on the desert is free. All we have to do is‘to
convert it to electrical or chemlcal energy with some mass-produced thin-
layered -device capable of eff1c1ency somewhere comparable to that of the
green cells of plants - that is about 40 %. "We would do well to be guided
in‘our design by the mechanism used in the photosynthetic cell. .Unfor<
tunatelyg we don't know these mechanisms in all their details. 'We do know
b qulte a lot and are learnlng more rapldly B A

The photosynthetic energy- convertlng apparatus con51sts of a number |
of very thln.membranes w1th pairs JOlned at the edges to make very th1n
discs, called thylak01ds. The spaces: 1nslde these dlSCS are all 1nter-
- connected by a fretwork of flat tubules. The membranes themselves appear '
' to be largely. nonconductlng (1nsulators) but contaln proteln l1p1d com- |
plexes imbedded in the phOSphOllpld b11ayers These complexes are the |
points of 1n1t1a1 conversion of electromagnetlc energy to. electrochemlcal :
it energy e . | N
nght energy is f1rst absorbed 1n the chlorophyll and other plgment

- molecules, and the absorbed energy in the form of an excited state‘of the

electrons in the pigmént moleculés can then jump from one pigment molecule

to. another. Perhaps more correctly, we can think of the whole array of

pigment molecules within a certain distance as sharing the,excitatiOn :



| energy. . This energy packet, or Mexciton' is‘transmitted in a very short
time to the energy Convefsion complex. There the exciton causes an elééfron
.tQ.bé promoted out of a pigment molecule and onto some acceptor, accbrding

: to present theories; The okidizedlpigmént molecule (the one that has lost
an electron) will eventually recover it framlwater. After two molecu}es |
of water have lost four electrons this way, a molecule of gaseous oxygen,
02, evolves.

In the meantime, the eleétron promoted out of the chlorophyll mole-
cule is being'transmitted from oné carrier to anothér, and will eventually
undergo another photochemical "promotion' through a second energy - conversion
center which has received another exciton. By this time, the electron is
at thg chemical-potential of gaseous hydrogen, and H, could be evolved by
fhe lamellar system.. This‘does not happen ordinarily,-as the piént hés
other uses fdr this reducing poWer. Instead; the electrons at the poten-

tial of H, are used to reduce carbon dioxide to carbohydrates, including

2
starch.
The energy used in this process, two light photons of wave 1éngths
shorter than 700 nm,is considerably more than:ﬁpuld be required'to.take an .

electron from water and raise it to the poténtial of hydfogen gas. The
energy per mole éf éhotons Cper'einsteinjlfor 700 nm light is 40.5 Kcal,
so that two einsteins is worth 81.Kcal. The energy to split two molecules
"Tvof water tb»dxygeﬁzand'ﬁydrogeniis‘Z'X 56.7 =>‘113‘.4~.K‘c:::11.‘ |

. o _

20— dHy+ 0,

Since four electrons must be transferred in this Teaction, the energy per

AG® = 2(+56.7) = +113.4 Kcal.

mole of electrons (per equivalent) is 113.4/4 = 28.4 Kcal. Thus the two

einstein to one equivalent process is 28.4/81 = 35 % efficient.

However, in the process of moving the electron up to the potential of



H,, the photochemical system also manages to use some of the left over
energy to convert the biochemical acids, phosphate and adenosine diphos-
‘phate (ADP)'to their anhydride, adenosine triphosphate (AJT)and water,
thereby conserving another 12 Kcal. .. '

(3) Pi»+ ADP — ATP + HZO AGO = +7.5 Kcal. AG.= f12 Kcel.
Here, AG = 12 Kcal. is greatef than AG° because‘of the 1ow concentration
of Pi and the high ratio of ATP concentration to ADP concentration. At
‘jleast one ATP molecule is made for each two electrons transported, so the
overall effieiency in the lamella may be eelculated to be (28.4 + 6)/81 =
42 %. | |

There are a number of theories about the physical and chemical meche-
nisms involved in this efficient energy—conVefsion process. Great prog-
ress towards full understanding has been made during the last twenty years.
It seems not;overly optimisticﬁtovexpect that.the'next decade will bring '
sufficiently detalled knowledge about the mechanlsm to permit the princi-
ples to be modeled in art1f1c1al systems for dlrect conversion of solar
energy to either electrical energy or chemical-energy in a usable form.
Indeed, some scientists nave elreedy ouilt modeis, based on‘their current 4
concepts of the photosynthetic mechanisms. These models, while generating
electrical energy from light with extiemely noor efficiency, nevertheless
offer sufficient promise from a theoretical standpoint to warrant extended
fundamental}investigation. |
o Aside from solar energy_conversion by copies of photoéynthetic sys;-
tems, other attractive schemee utilizing more conventional approaehes»hene
been proposed and are being studie&. If any such systems become econom-
ically feasible and are built, one can pfedict that energy generation will |

~ become less expensive in real dollars as time passes. This prediction is



“based on the fact that the system is based on a free and- inexhaustible

.. energy source.

The second type ef energy from atomic fusion reactions is fusion
power plants on earth. There have been great hopee,fer inexpeneive power
from fusion reactors in the past. Uhfortunateiy, progress,tOWards a.work-

hable.system has not been as rapid as_hoped, even though significant gains .
have been made in the length of time that the.ioniéed‘gaa (plaema)'can be
COntained in-itSmmagnetic'"bettie”. Our present'limitedkcommitment to
’fu51on reactors in the United States ‘may not be sufficient to produce
fu51on power before the year 2000. There is, however, a distinct p0551--
‘'bility.that the U.S.S.R. may achieve important new breakthroughs during

the next_deeade, and that might stimulate the U.S. to make a greater effort
also. Thue, there is a reasonable poésibility that abundant, inexpensive
nuclear power might become available in‘ZOvyears.

Possible Interim Need for Artificial Starch Synthesis

The foregoing section suggests, in consideration of the long range
future—say.beyond 1995, there rsla rational argument for beginhihg now to
"develop the techniques of synthe51s that would permit the synthe51s of
carbohydrates from CO2 under the expectatlon that by that time sufficient
.quantities of energy may’be~availab1e at a low enough cost to make such a
" synthesis attractive. What about the less 1ong range future, the . perlod
»beginning about 19807 Is 1t concelvable that by that t1me populatlon and
nutritional circumstances 1n.parts of the world mlght be so desperate as
to warrant heroic but somewhat uneconomlc measures solely'for the preservaz
tion of life? This is quite a different presumption fromﬂtheyearlier |
argument_where it was assumed that setting up factories'fer-thevsynthesis |

of starch.might'beccme an attractive option to'compete with total reliance
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. on conventional: agriculture

Certainly the population in presently underdeveloped and, overpopulated
countries is g01ng to 1ncrease alarmingly by 1980, even if birth—control ’

measures now being attempted are moderately successful A 51gn1ficant

falling off of a major cereal crop such as Tice due to any one of a Variety .

~of adverse events (disease abnormal weather war and soc1al dlsruption,
~etc. ) could ea51ly trlgger a condition of famine which might per51st for
several years. The “excess” production by North‘American‘granaries_has
been able to supply enough cereal crops to allewiate famines in the past;
but these surpluses are likely to grow somewhat smaller as North American
fpopulation‘grows;and other foreign markets increase due totpopulation;
Igrowth»in other countries with large populations and marketable.goods for
trade. Aleo there'is the severe problem of overseas shipment and distri-
bution'when a demand suddenly develops

leen such. Circumstances, a starch_factory located in. the country ofl
need might well be allocated power even if uneconomical In the choice

between calories of food for survival, and other energy requirements a

government might well allocate its power for food. ' ‘yﬁl ‘ - 'f”f‘»jJ

Of course, such a sophisticated and expensive factory as will be re-

- quired is not going.to be built in time during an emergency. It might,

however, be built ahead of time as.a pilot prOJect by cooperation between
- the local government “and contributions from the developed countries Posf“;

sibly it could be part of a complex which,would also include power'generaj‘

tion by atomic fiSSion perhaps a new generation breeder reactor The L

plan would be that the power plant could mainly allocate its power for Zf“"

other purposes when there was no serious food shortage. The starch fac-

tory could be run on a limited basis, at times of day when there is less



_11...

energy demand. Then, if famine struck, the starch plant could be operated
at full capacity and could temporarily take.the entire power output of the
power plant. Thus the starch factory would be justified on the basis of
insufahce againét disaster and the development of experience in food syn-
thesis rather than on the basis'of the marketabilify of its product in
normal times. |

Problem Areas in Building a Starch Factory

In the‘foregoing section I have speculated on the possibility that
governments might want to build a starch factory as soon as 1980. This
sounds rather optimistic in terms of social institutions being intelligent
venough,to plan for disastef before it strikes. There is perhaps an even
‘greater optimism in thinking that the technical problems invpred in the
construction of such a plant could be solved by 1980. As we shall see,.
these problems are formidable, and only the application of a substantial
reseafch effort beginning in the near future would"Bring any possibility
of solutions by such_an‘eariy déte.

The need for such factpries‘ﬁill grow inexofably in the future. It
seems safe to predict that eventually the neceséary,résearch‘will be under-
taken. Many research aspects are already being undertaken in connection |
with‘more‘immediafely attractivé projects. Thus there is rapidly growing
literature on the use of insolubilized enzymes in industriai processes.
Research on dialysis and osmolysié membranes, presently being used for
such diverse problems as medical research and water purification;may-pfo-
vide materials helpful in carrying out-tﬁe severe separation prbblems
described later. | R

Other problems more spécific to the synthesis of starch will require

extensive research. Preeminent among these are the insolubilization and
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stabilization of enzymes catalyzing the synthetic. reactions of starch syn- ,

thesis from CO Also enzymes needed to regenerate ATP from ADP and inor-

2°
._ganlc phosphate and to'reduce biological electron carriers such as ferre-
dox1n and nicotine adenine dinucleotide phosphate (NADP) must be studled
in this way. Mbst work.on stablllzed enzymes to date appears’ to ‘have been'
focussed on enzymes required to break.down polymerlc molecules such as pro-‘
' teins 1nto thelr subunlts Certalnly most of the 1ndustr1al appllcatlons
have been lhnited‘to shch hydrolitic reactions. Unfortunately, many. of |
| thevenzymes whichfwould be involved in synthetic paths are more complex
and of hlgher molecular welght (for example the enzyme ribulose dlphosphate
. carboxylase) and may prove more d1ff1cult to stabilize. |

A51de from the enzyme problem, any concelvable synthetlc proceSS»r
leadlng from CO2 to starch_w1ll requ1re a number of difficult separatlons ,
- of metabolites and cher substances in the output from the reactors. Even
"assumlng rapid and significant adrances in selectire.membrane teohnology'
these problems loom asvvery difficult and possibly limitlng to the entirel.
‘project. Even'though,present technology for.reactors with,insolubilized.
enzymes may favbr.carrylng out one or two biochemical steps at a‘time,
eoonomy of separations may dictate a multicomponent reactor. Thus there‘
is a tradeoff which must be solved by systems engineering.

Among other severe problems:may be mentionedﬁthe‘collettion‘of earbon
dioxide from the atmosphere where 1t occurs at a partlal pressure of only

0.03°% (300 ppm) - These and other problems will be dlscussed in more de-u

tail later.
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| SELECTION OF SYNTHETIC PATHWAYS

Chemlcal Energetlcs R

: Before proceedlng to a dlscu551on of the optlmal synthetlc path.for
the synthe51s of: starch from COZ’ it is useful to con51der the overall
energetics of thls process From Equatlons 1 and 2 (Introductlon), it is
clear that the. energy for the formatlon of oxygen and of one- 51xth glucose"'
| molecule from carbon dlox1de (gas) and‘water (+114 4 KCal) is virtually

the same as the energy for the formatlon of two moles of hydrogen gas and
“one 1 mole of oxygen gas fron two moles of water‘(rllé a'Kcal) ' If Equa-*
t10n 2 for the spllttlng of water to hydrogen and. oxygen is subtracted °
.from -the photosynthetlc equatlon (Equatlon 1) we see that the reduction of
‘carbon d10x1de to water and glucose (Equation 4) 15 essentlally an equ1—
f'llbrlum process w1th,Very 11tt1e free energy change (Free energy ohanges
~in thlS and other equatlons in this section are mostly based on a tabie of
free energy data by K Burton, Whlch appeared as an appendlx to an artlcle
'by Krebs and Kornberg in 1957) " |

1

@ €0y (gas) * 2y — H,0 * "5 C6H12 6, a0) 4G® = +1.0 Keal.

Equatlon 4, tells us that for the reductlon of CO2 to glucose hydrogen
gae is nearly sufficient. If the reactlon were a 51mp1e one (few steps),
4‘1t mlght even be p0551b1e to force it, w1thout other inputs of chemlcal
- energy, by slmply increasing the pressure‘of H2 and CO2 However the “
MWJreaction pathway is duite compiex invoiying-manyysteps ’and add1t10nal

1nput of chemlcal energy is required to- make the reactions proceed at a

' '_practlcal'rate ‘Also,’ the de51red end product is not free glucose but

,starchr and addltlonal chemical energy is required to 11nk up glucose re51-

' p dues by removing water. Thus_wefshall see that' green plantS'use notwonly _—



'.-14'

the equivalent of two moles of H gas per mole of CO2 reduced to starch
.j but also 3 %—moles of ATP the biochemical molecule most commonly employed
to provlde additional chemical energy.

In onr consideration of synthetic paths for the reduction o‘fFCO'2
to starch we start w1th.the assumpt1on that the supplled electrical energy
from the solar energy converter or atomic reactor w1ll be used to electro-
lyze water to make hydrogen and oxygen. This will be‘the major energy‘
:'input, at least for the'ohemical process. Of»course,\hydrogen could be:
obtained with lessvenergy cost from other sources, such as hydrocarbons,
: but it is a basic assumption of this study that only completely oxidized
raw materials will be used. If by the time starch synthesis from CO, be-
cames feasible there are still enough,petrochemicals to permit their use
forbfood we assome they will be converted to protein via bacterial metabo-
1lism, as is be1ng done even now on a 11m1ted scale

Carbon dioxide can be reduced with hydrogen to four dlfferent oxida-

' tion levels and these will be of some interest in our discussion oprath-'
ways to starch“‘ The reductions of CO2 to formic acid, formhldehyde
: methanol and methane are shown in Equatlons 5 through 8, respectlvely

- LAGS. =

(5) ©. . - + H, — HCOOH $11.6 Keal
2(g) %

(llq)

\

H, (M, aq) H O', AG® = +6.4 Kcal.

v . ‘ ‘..v, o - _ . .‘ .
(7 COZ(g) +7 SHZ-——A CH OH(lM aQ) +.h29 - AG 4.3 Kcal.

). CO,,  + 4H, —> H,0 ‘ G° = -31.2 Kcal.
(8) OZ(g) 4H, CH4( S) AG 13 (cal

- Formaldehyde is at the same oxidation level: of carbon as glucose, and is

somewhat less stable:

S 1 (20 . _ »
(9) HCHO CZHIZOG(IM aq) 6G° = -5.3 Kcal.

(lM aq)
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it uses up an'eitrafmole of hydrogen gas, thus increasing the energy budget

._15_

7-n{U_Reduction,gf_CarbonpDioxide to Formaldehyde

7 o T
Loy
]

.“tive of ch0051ng the 51mplest p0551b1e pathway, one might conclude that
”:the chemical reduction of CO2 to formaldehyde followed by the enzymatic
conver51on of formaldehyde to glucose and then ‘to starch should be the
" method of ch01cer Despite serious problems With this pathway, described
below, this remains ‘an attractive alternative ‘to the pathway which we later
iihrecommend} ' | | l
| The first and‘most serious difficulty is that there_appears to be no
. knownﬂway to 'reduce_'CO2 directly'to,formaldehyde in'goodfyield. This,must
be due in part to the fact that formaldehyde is unstable‘with.respect to
mits.further.reduction to methanol (see Eduations 6 and 7). However,rit.
.-eeems possible that further'reSearch.on this reduction could turn up a
- catalyst and other reaction conditlons Wthh might allow the eff1c1ent
formation of formaldehyde from CO2 and H | |
Of course the reduction can be allowed to proceed to methanol and

‘then the methanol can be reox1dlzed to formaldehyde Apparently this

can be done in satisfactory‘yield.' The objection to such a route.is that

for. the electroly51s of water by 50/ , At‘the same'time there appears to
“'be no way “to- recover the’ energy released in the reox1dation of methanol to
wfonnaldehyden

While a 50 1ncrease in the: énergy- requ1rement for the electroly51s |

of water seems a high price to pay, 1trm1ght,be Justlfied 1f the subsequentl

.+ enzyme: catalyzed pathway were to -be so 51mp11fied and the number of steps

so Teduced as to save a. comparable amount of- energy in the operation of the

_enzyme reactors and separation processes; Fromour, analy51s we doubt that .

1

" From the foregoing energy considerations, and for the important objec¥'
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there is enough.compéhsating-35ﬁ§iicity‘for‘this-p;thway. However, we
offer_it'in more depail later,as-an>alternatiyé‘tofthe recommended pathway.
In,&onsidering tﬁié aiterﬁétiéefpathﬁéy, it will Be seen that a second
problem is the lackﬁof'Rngwledgé about tﬁeﬂkey enzyme which'wouid be re-
quired to bring about the addition of formaldehyde to a five'-carbon sugar
‘phosphate. Such.a reaction is needed to permit the construction of a
cyclic pathway leading télglucose formation and regeneration of the three-

~ carbon acceptor.,

Reduction_gﬁlCarbon Dioxide to Formic Acid

| »4Another'possib1e Chémicél'feduction of CO2 would be its reduction to
formic acid. Further enzymatic reduction would then be required, either
6f the forméte itself, or ofrsome product formed from formate. A survey
of enzymicaliyvca;alyzed reaétions.which-incorporate formate into 1argér
molecules did nof‘reveél any in,which,thé pfoduct could be converted to
the carbdhydrate level by a few reactions as are required for the conver-
Sioﬁ of tﬁevproduct of the carboxylation reaction of phbtosynthesis; dis-

cussed later.

Conversion of Carbon Dioxide Eg_fwo-‘gz_ThreerCarbon Compqundsvgz.ggganic
Szgtheses' V |

In theory? carbon dioxide could be converted to simple two carbbn or’
" three carbon compounds by well known-organic'réactions. These compounds
-could then serve as substrates for enzymically—catélyzed-reactions ieading
to'carbohydrétes. However, the energy cost of these reactions must be
kept in mind. Also it is ﬁecessary to produce organic cémpounds_that'aréfi
‘not stereoisomers, only one of which can be used as a substrate for subSer
quent enzymicéllyfcatalyzed reactions. Finally, the use of non-enzymic

steps should result in a shortened enzymic:pathway to carbohydrates. We
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”have not found anyrroutes'thatfwould Satlsfyythese three Criteria,‘when .
compared w1th the path chosen.. L » “
. As an example of . these d1ff1cult1es con51der the synthe51s of acetal- o
| dehyde via acetylene Calc1um carbonate 1s converted to CO2 and Ca0 by “f
' heatlng (hhlch.requlres energy),'and the CO can be stored for a subsequent’ |
‘carbokylationfreaction- The 'Ca0 is- reacted'w1th.C (from coke?) at 2000°' H
to make calc1um carbide and carbon monox1de
@0 cam, heat €0’ + €O, |

11) CaO+3C—2—09—0—>CC +CO
2

'l'dPossibly‘the Carbon'monOXide could be burned to make more CO, and recover
3f3'sbme of the energy’ as heat. ;The“calcium:Carbide‘cbuld then be reacted

‘with water to glve acetylene . _ s

(a2 - CaC + 20 -————-—)HC—-'CH + Ca(OH)Z R T

Acetylene is a good startlng p01nt for.a number of syntheses 1nclud1ng the

”- ﬁonnat1on,of acetaldehyde
' ‘ ‘H,S0O

: 250

Acetaldehyde could be carboxylated by an enzyme from certaln bacterla to
' grve pyruv1c acldr Unfortunately,. even thls three carbon compound~requ1res,

as (H3CHO + €0, —> CH3COCOOH |

a number of blochemlcal steps before 1t can be transformed to 3 phospho-
glycer1c ac1d wh1ch is needed for reductlon to a simple three carbon

_ sugar. These steps are described later, under carboxylatlon reactlons “

| A basic premlse for this study is that the pathschosen should requlre

. no rawematerlals except carbon d10x1de water and electrlcal energy Thus

| a pathway which. calls for elemental carbon is unacceptable unless 1t also



can be generated from tOZ; :Té do so would reQuirefan additional large
input of energy. Of course, acetaldehyde is a partly reduced compound

i of carbon, and only one-third as much hydrogen would be needed to convert
pyruvate and COZ.to glucése as is required for converting only COZ to glu-

. cose, However,‘the use of heét to split oxygen from COZ‘is,likely to con- -
-sume far more energy than the splitting of wgter by electrolysis.

As énother example of the energetic cost of carrying out the usual
”jbéthwayS‘Of organic'chemistry; conéider the fixation of CO2 by a Grignard
reaction. All of the ether usualiy used would have to be recycled, and
the magnesium hydroxide produced would Have‘to be converted back to
metallic magnesium. But even more difficult, the alle halide,’for example
methyl iodide, would have to be'syntﬁesized from COZ’ H,, and iodide.

Since mary organic reactions are less quantitative than enzymically-catar-

lyzed reactions, such complex regenerative pathways are in most cases

- likely to be much less efficient from an energy standpoint than pathways

catalyzed almost entirely by enzymes. Thus, unless the non-enzymic path
were significantly shorter, it could not compete. We have found no such
pathway that is shorter -- in fact all appear to be longer.

Enzymically-Catalyzed Reactions; Beginning with_gg)_.2

Having seen the difficulties inherent in utilizing various non-.
-enzymiqéllytcatalyzed reactions, including the reduction of carbon dioxidé,
‘We'tﬁfn now to the only{othef alternative, the carboxylation reactions
“and subsequent steps catalyzed by enzymes and leading from CO2 to starch.

"+ The Photogxnthetic‘Carbon'ReductionvPatMMQf

- The most important pathway for conversion of €0, to glucose in nature
is the photosynthietic carbon reduction cycle (Bassham, et al., 1954), called

~ the reductive pentose phosphate cycle. (Figure 1). This pathway begins with
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Reductive and Oxidative Pentose Phosphate Cycles.

' Heavy lines indicate reactions of the Reductivé Pentose Phosphate Cycle.

Light lines indicate reactions of the Oxidative Pentose Phosphate Cycle.

Enzyme Key

" Reductive Pentose PhoSphate Cycle (Photosynthesis) only

2.7.1.19
RN
4.1.1.39
4.1.2.13

phosphoribulokinase
hexose (heptose) diphosphate
ribulose diphosphate carboxylase

fructose diphosphate aldolase

A'Reductive and Oxidative Pentose Phosphate Cycle and Triose Phosphate Oxidation

1.2.1.13
2.2.1.1°
2.7.2.3
5.1.3.1
1 5.3.1.1

5.3.1.6

_tribse»phosphate dehydrogenase (NADP+)

transketolase

phosphoglycérate kinase

.ribulose phosphate 3-epimerase .

triose phosphate isomerase

ribose phosphate isomerase

Oxidative Pentose Phosphate Cycle only

1.1.1.44 phosphogiucgnate dehydrogenasé‘(decarboxylatingj

1.1.1.49 .

2.2.1.2

glﬁcose-6-phosphate dehydrogenése

" transaldolase i



ATP

Ribulose-5-phosphate

(5-carbons) M

Iy

5.1.3.1

ADP

CO»

Ribulose-1,5-diphosphate

(5-carbons)

A

1

5.3.1.6

K

Xylulose-5-phosphate

(5 carbonsw

Ribose-5-phosphate
(5 carbons)

-39 (3 carbons)

3-Phosphoglycerate

2.7.23

ATP

BI i\—FADP

Phosphory1-3-phosphoglycerate

(3 carbons)

|
[2

T l/———- NADPH

2113

|‘¥>NADP+

Glyceraldehyde-3-phosphate

3 carbons)

M(

,Sedoheptulose-7-phosphate

(7 carbons)

lo
5.3.1.1

,Dihydroxyacetone-3-phosphate
(3 carbons)

E
4.1.2.13
3.41.3.1
L.z 2.1.2
Sedoheptulose-1,7-diphosphate Fructose~1,6~diphosphate
(7 carbons) (6 carbons)
lF
3.0.3.101
Erythrose-4-phosphate ~— | Fructose-6-phosphate

(4 carbons)

6-Phosphogluconate
(6 carbons)

(6 carbons)

N
9

d-z-"
"——

Glucose-6~phosphate
(6 carbons)

XBL 711-5016
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.’thevcarboxYlatioﬁ of a five carbon sugar diphosphate, ribuloSewl,S—diphos?j

,phate. No intermediate six carbon compound is detected, and the products

‘v\ of the reaetion are two molecules of 3-phosphoglyteric acid. Since this

~and other acids are ionized at physlological pH, this and other acids will
be referred to in their ibnized.forms Also the symbol(:>w1ll be used to

“denote a phosphate‘group,,LPOSHf. The enzyme cataly21ng thlS carboxyla-

(15) 'HZ(I:o@ | S o0
HO + H(:ZOH i, —5 ""_(':b;%v(lioi v ot
HCOH o <+ -+ HCOH
Hor . . nlo®
20 | 2
ribuloseﬂl,5-diphoeph?te!‘ f{' o JD€5vthsphoglycerate

~ tion reaction is commonly ealled ribulose-1 S—diphosphate carboxylase.

| . The sugar ac1d 3- phosphoglycerate (3- PGA) is more oxidized than a
‘sugar and can become a- three carbon sugar only after the carboxyl group
~is reduced to an aldehyde. :Since the carboxylate ion ls stable (re51sf
tant) towards reductien, it must first be activated. The organic‘ehemist
might convert it to an acyl chloride, but living cells use the terminal |
phosphate group‘of ATP to convert to another kind of acid anhydride, an

acyl phesphate. The ehzyme for this reaction is 3—phosphoglycereteekinase.

a HOCH +# AP —— . HOCH + ADP -
- . ’C=O N . , N « ?=O ' .
R
3-PGA phosphoryl-3-PGA

The acyl phosphate may now be reduced. The reducing agent is nicotine

adenlne dinucleotide phosphate in its reduced form (NADPH) . Thefenzyme is



“'\.tlons of photosynthe51s

R -

trlose phosphate dehydrogenase

(17) Hco® f.- Hiﬁ@ o
: : HOCH a +NADPH—————> Hi '+NADP +Pi

v

,l‘ o : v‘l | ' g H ":

. P%~3PGA o | GA1d3P

I DA

o The product of this reactlon is 3 phosphoglyceraldehyde (GAldSP),,a three

{ gcarbon sugar phosphate (trlose phosphate)

The blochemlcal reduc1ng agent NADPH, carrles two electrons and 1n

effect transfers a hydrlde 1on to the acyl phosphate ; The redox poten-

1

tial for NADPH at pH 7 1s -0 324 volts, about 0.1 volts less negatlve than

.‘that of hydrogen gas 1n equ111br1um w1th‘protons at pH 7 or the reduced

4

»'Lform of the non- heme 1ronlprote1n ferredox1n both of whlchshave a redox |
| potentlal at pH 7 of O 42 volts HTh_us NADP 1s readlly reduced in

i presence of an ox1doreductase by reduced ferredox1n from the 11ght reac--‘

(.“; T . ygv-'\‘ J

(18) - 2Fd*? + NADR® + H' —— NADPH.+ 2Fd">

i '..In'noniphotosynthetic bacteria which utilize hydrogen gas as an energy .
o source, ‘there is a hydrogenase enzyme_Which-can catalyze‘the reaction be*

Vltween hydrogen gas and. ferredoxin:

9 Hy + 277 — >0 + 2RaT?
| = ,

' This is a reVersible reaction;;andfdepending.on’the:potentiaiVof“the'pé}if Cwe
]3'ticular ferredoxin'employed, sevéral atmospheres of hydrogenbgas mayfae:;.“u.*

‘required.to drive the reaCtion in the forward direction shown. ThlS d1rec-‘ﬁ

tion isvalso favored by 1ncrea51ng the pH.., N \’u' ;‘i' L t}ﬁ7'ﬂ"
Reactions 15 16 and 17 prov1de a d1rect.route for the utlllzatlon_of

the;reduc;ng power of Hz-for the reduction of the carhoxylatron product.to y
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sugar.. There may be alternatlves to thlS route suchtas the electrochemlcal
reduction of elther NADP' or ferredox1n, or the chemical reductlon of

either w1th H‘ and a su1table catalyst. The chemlcal reductlon of NADP+
could be compllcated by the possibility of more than one site of reductlon ‘

(20) . 9 o
Ny aw, PR
l . H
\ H o B
|
R

Inactive Form
11

on the pyridine ring of NADP+ - Form I of NADPH is the one required for
the triose phosphate dehydrogenase which is NADP- spec1f1c
Once glyceraldehyde* 3 phosphate is formed, no further inputs of chem-‘
ical energy are required to make glucose-6- phosphate (G6P) the precursor
‘of starch. GAld3P isomerizes to give dlhydroxyacetone phosphate (DHAP) .
The enzyme for this reaction is tr;ose phosphate 1somerase. ,Then the two
triose phosphates undergo an alddl—type condensation catalyzed by aldolase.
(21) Hzco® _ HCO@
v ] \ _
HO?H‘ C C 0]
A {
HC=0 _ -H,CC0H
GAldP DHAP
This gives fructose-1,6-diphosphate (FDP) Wthh is" half hydrolyzed to
fructose-6-phosphate (F6P) in the presence of fructose d1phcsphatase.

22) HZSIO@-‘ _ :g;-Hz(fo@
B

HC=Q . H,CH YT

GALd3P - - - DHAP: -+ .. ,  FDP
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(23) Hco®
H o()

FoP R
There remains only an 1somerlzat10n, catalyzed by hexose phosphate 1somer-

‘ase,“to cqnvert F6P to G6E.

e no® CHO®
O THOGg OH
g gH
F6P | . Gep

. ‘In green’ plant cells, the conversion of G6P to starch begins with the

| . movement of the phosphate group to the number one carbon position, cata;

_lyzed by phosphoglucomntase.
ey Bo®

| G6P | o o G1P

' -Glucose-lfphosphate then reacte witheATP‘to give adenesine,diphosphoglu;'

cose CADPG) and pyrophosphate (PP ) The enzyme is ADPGluceée,pyrophos-

phorylase | | o
@26

0 : ‘ .
] ,—O-ﬁD-,O,-rib:.aden._ S
. O R " .

£ PPi
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This ADPG then reacts with the starch,chain_to add one glucose residue_tof
’the chain. Thus:the synthesis of starch from glucose-6-phosphate, as it

(27) (C6 10 5) + ADPG —————% (C.H + ADP

61005 n+1,
occurs in‘plants, requireS‘the net conversion of one molecule of ATP to
ADP for each glucose residue (C6H1005)'added to the starch chain.

Completion of the Reductive Pentose Phosphate Cycle

So far we have traced the path df'carbon from the carboxYlation to
starch. However for the cycle to run; the carbon dioxide acceptor, |
ribulose-1,5- dlphosphate (RuDP) must be regenerated -.Clearly, for the‘
compounds of the cycle to be malntalned at a constant_level, six molecules .
“ of (0, must be incorporated for each glucose-ﬁ—phosphate molecule converted
to starch. Each CO2 nelecule taken up reactsvwith five carbon atoms of
- sugar (Equation 15), producing -two moleculeS'of 3-PGA which are reduced to.
two triose'phosphate‘molecules. Thus,5six carboxylation reaetions produce'
twelve trlose phosphate molecules, of which two are used for glucose phos -
phate synthesis and ten are requlred to regenerate the six molecules of
RuDP. The following process which converts five triose phosphate molecu;es
(15 carbon atoms) to three RuDP molecules (15 carbon atoms)‘thus occurs
twice for each net G6P synthesized.

The.first steps in this process are the eonversion of two triose
phosphates to F6P and have already been described by reactlons 21, 22 and
23. The next step is a reactlon between F6P and GA1d3P- to glve a five
carbon sugar, xylulose-5-phosphate (XUSP) and a four carbon sugar, erythrose;
4-phosnhate (E4P). This reaction is medlated by the enzyme transketolase
'The reactlon actually lnvolves the transfer of the carbon atoms one and

F

two of the fructose to the coenzyme, thlamlne pyrophosphate (TPP) formlng
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a glycolaldehyde«TPP éampound-which‘remains'bound to the'enzyme.‘iThe 
remaining four carbon atoms of F6P are released as:tﬁe aldose phosphafe,
E4P. "The glycolaldehyde-TPP complex_reacﬁs with‘another aldose phoSphaté{
in this case GA1d3P, forming XuSP. a B

28 0 RO Hod H,COH.
H,(0 O ‘- o
‘ N S Hg(‘OH' — HOH
S hoe HOOH HO
: HZCO @ : H?OH
] Hc0®
F6P . . GALd3P EAP  XuSP '

Erythrose=4~phosﬁhate reacts with DHAP in a reactioﬁ“mediated by
-aldolasezwhich,iswanalogous to reaction 22, bﬁtvwhiéh.produées in this"
case a séveﬁhcarbon sugar‘diphosphate,.Sedohéptulose-l,7%diphospﬁaté (SDP);
~ This diphosphate also is hydrdlyZéd ﬁoiits,monophosphate, Sedoheptulose-
7-phosphate (S7P). | | v |

(29). Hzio(ﬁ
HOCH |
N

\c—c‘ig

0

E4P ~ .DHAP~ ' SDP

(30)

SDP + HO —— '

S7P.

‘Sedoheptulose-7-phosphate undergoes a transketolase-mediated‘feaction,

similar to Reaction 28, giving another molecule of Xu4P and an aldopentose
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. phosphate,‘riboseﬁ5=phosphaté‘(RSP)f“

(1) . K o® CHZOHO | | HZCOH
| . wbom p H
. ‘ b H g/OH

Hp O' HCOH

C - ,.\J ' : H co@

- S7P © GALd3P RSP XuSP

Ribose-5- phosphate is conyerted to . the ketopentose phosphate, ;
ribulose-s-phosphate, by the enzyme ribose phosphate isomerase. Xylulose-
5-phosphéte is converted to.ribulose-Svphosphate (Ru5P) by the enzymé
phosphoketopentose epimerase. | |

(32) CH,COH © H,COH

2] 2T
C=0 ¢=0
L —_
Hocf‘H HCOH
—
HEOH HOH
HCo® H,CO®
XuSP ' Ru5P
G HZCO® , H,Q0H
x - ] $=O
ﬁ\H | 5 HOOH
H .  HQoH
H,C0 ®
RSP - RuSP

Thislcompleteé the reéfréngement of five triQse~phosphate‘molecﬁle§
to three pentose phosphate molecules, but one furthér”step’is-requifed'to
form ribulose-1,5-diphosphate, the carboxylation suBstraté ' This is:tﬁe
conversion of RuSP to RuDP w1th»a molecule of- ATP mediated by phospho-

1bulok1nase
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A

G HgH  HOO
S C= ' C=0

0
ATP + H#m‘ — m?& + ADP
| 'HQOH: T HOOH
Lo® H,Co®

Rusp | ‘RuDP

This reaction completeé the reductive pentose phosphate cycie. The'
complete net equation.for the synthesis of one molecule of G6P may now be
writteni | . o

(35) 6C02'+ 12NADPH + 18ATP4+ 12H —>» G6P + 12NADP' + 18ADP + 17Pi |

If we add the ATP.reéuired to convert G6P to starch, thé‘fdfal re-
quirement comes to 12 molecules of NADPH (coming from 12 molecules of,H2 g
or its equivalent) and 19 molecules of‘ATP. For each CO2 molecule con-
verted to starch; this coméé‘to two H2 molecule and 3%—m01ecu1e§ of ATP;
In our investigations of other possible pathways, none have been found
that required a smaller enefgy input. Since Hz must come from the_splitf
ting of wétef'CEquatioﬂ 2), each mole of H2 represents aﬁ expenditurelof.
at'least 5647 Kcal. Eéch:mole of ATP formed from ADP and Pi (Equation 3)
costs at least 12 Kcal. Actually the cost will be much more, perhaps
‘25 Kcal per mole, consideriﬁg the problems of a regenerativé pathway,

discussed later.

"The Pyruvate-Malate Photosynthétic Pathway

For about 10 yearé, the reducfive bentose phoéphatelpathwéy was
thought to be the only photosynthetic pathway for the incorporation and

reduction df carbon dioxide., Then.a seéond pathway>wa$ found in certain

tropical grasses such as maize and sugar éane.(Kbrtschéck‘et al., 1965,

Hatch.ﬁ Slack,'19701. ‘This*pathway; now known to exist in some other kinds
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JRédu;tive Pentose Phosphate Cycle

_ ribulose diphosphate

L 6[RP + €0y '+ W0 ----CaThomlase . g gpay] .
' ' ‘ * Reaction 15 : o
© 12[3-PGA + ATp -Bhosphoglycerate kimase  p_zpayy.
a L Reaction 16 ‘ ~

4[ardzp -triose phosphate 'isomerase ppppy Tl
' Reaction 21 .

aldolase
---------- >

2[GA1d3P + DHAP FDP]

IReaction 22

 2[FDP + H,o fructose diphosphatase— pep P,
- ¢ Reaction 23 - . . :

2[F6P + GAld3p -transketolase= psp . yyusp] |\
Reaction 28

- 2[E4p + DHAP -2ldolase_ =, gppj
‘Reaction 29
| 2[spp + Hy0 -fructese diphosphatase s, g7p .op,)
. . ' Reaction 30 -

2[S7P + GALdsp -fransketolase= ysp 4 psp]
: Reaction 31 :

| Z[RSP pentdse'phosphatg isomerasgi>Ru5P]
. - Reaction 33 :

, t4[Xu5P phoSph@kef@péntosg epimeraégéDRuSP];v‘m'
‘ " Reaction 32 '

6[RuSP + ATP Dbospboribulokinasesrupp + ADP]
Reaction 34

Fep lexose phoéphate-;somerasgé> Géf
. Reaction 24 S

v
v

Net Reaction: 6 COp + 12 NADPH + 18 ATP ~> G6P + 18 ADP + 17 P5 * 12 NADP*
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of plants besides tropical grasses, has received mucn study recently,
although some phy51olog1ca1 aspects are still unknown It is generally
agreed, however, that the pathway involves the carboxylatlon of phosphoenol—
pyruvate (PEPA) to give oxalacetate. This four carbon acid is then re-
duced w1th,NADPHffr0m the light reactlons to give malate, another four

carbon acid.

GO . }fé v, 2

?0@‘“ co, =
Cco., =0 HCOH
2 | | T ™

, Co C02 n o : iCO_2
PEPA Oxalacetate ‘ Malate

It is thought that this malate is then translocated either from one
kind of green cell to another, or perhaps from- cytoplasm into one kind of i
chloroplast, where it is-oxidatively decarboxylated to give pyruvate and

C02,>as well as NADPH.

(37) CO
CH o +
12 + NADP A CO2 + NADPH + (=0
HCOH i -
: CO2
CO2
malate ' pyruvate

This.pyruvate is then translocated back to the site ofwtheireaction 36,
~where it is éctivated with ATP and inorganic phosphate to give PEPA;
Aperphnsphate and adenosine monbnhosphate (AMP) . A special enzyme;:?yrg;v
Vateﬂphosphafe dikinasé, found only in this type of green plants, médintés:

this reaction.
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B S
. C=0

+ Pi + “ATP — AP +PPi+ @

- o S . 0.

O i 2
pyruvate . T' - PEPA

EIPI
i

'»",).

The carBon,d10x1de and NADPH'released by reactlon 37 are then used

ﬂ‘ffor starch_and sugar synthe51s via the reductive. pentose phosphate cycle

h'already-described. Thus this cycle represents a prelnnlnary stage of
photosynthetio carbon dioxide fixation.p It costs 2 molecules of ATP per ,
o, fiied, since the conversion of one ATP molecule to one AMPvmoleoule
ie equivalent to the Con&ersion of two molecolesiof ATP to ADP on an
energy basis. The plants ueing this cycle.grow ih bright sunlight and are
not limited by energy; but rather are 1hnited by CO ahd/or water. The
use of this cycle permlts the conservation of both water and CO2 'V

- While this pyruvateﬂnalate pathway has considerable. phy51olog1ca1
.;alue to certain plants, it is apparent that it accomplishes little'in any
artificial pathway: from COz»to starch, in which_energy efficiency is impof;
tant. | | |

Carboxylation of Acetaldehyde or Acetate

Certaih bacteria are able to carboxylate acetaldehyde op redﬁctively
carbox&late acetate,ih either case giving pyruvafe. The d@fficultieé‘of‘.;
* making acetaldehyde from CO, (these apply also to acetate) by organic

synthesis have alfeady been.mentioned. However, there are bioohemical
tpathways‘whereby these two carbon compounds might be formed In either

' case, however we come immediately to the problem Jjust mentloned of con-
verting pyruvate to PEPA. There is the extra complex1ty and energy prlce‘\
of converting pyruvate to PEPA without any other offsetting advantages.

There is also the fact that pyruvate—phoephate dikinase is reputed to‘be.a'
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rather unstable ehzyme.: Pyruvate can,also be converted to PEPA via a

Exs e .

,f”shuttle"'mechanlsm 1nvolv1ng reductlve carboxylatlon to malate ox1dat10n

. to oxalacetate and decarboxylatlon to malate in a reactlon whlch,uses

'Zd up a molecule of GTP the energy‘equ1valent of ATP. ThlS does not seem -

‘to be worth the energy and trouble even if- there were eff1c1ent routes

to acetate or acetaldehyde.

From con51derat10ns such:as these 1t beg1ns to be clearvthat it'is-
:‘probably better to Sthk.tO reactlons 1nvolv1ng only compounds fa1rly
closely related to sugars where relatlvely small changes of. functlonal
groups are requlred Rather than llstlng all the Varlous carboxylatlon ‘

1'react10ns we have examlned and rejected we summarize by stat1ng that the

; ‘system “chosen by‘green.plants appears to ‘be the most eff1c1ent avallable, o

. 1f only enzymlcally catalyzed steps are to be used
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Reversed Oxidative Pentose Phosphate Cycle

\<Aside from the'photoéyntﬁetic reducfiye pentose phosphate cycle for
carbon dibiide reduction to sugar, there are two other cyclic pathWays
f‘inyolving_sugar phosphates which we have considered.. One: of these is fhe
b'formaidehyde pathway, already referred to and described below. ‘The other
-would be a reversal of the oxidative pentose phosphate cycle usea by
| respifing'cells.(Figufe 1). |
This okidative pathway- begins with_the oxidation of glucose-6-phos-

* phate (_G6P)withNADP+ to give 6-phosphogluconic acid and NADPH.

(39) H, o® H, o® (39 a) EOZH

— HCOH
; H R +
' - + NADP —— /=0 —————9

H H H OH éf HCOH

g H HFOH .

| - H0®

G6P 6 -phosphogluconalactone 6- -phosphoglu-
conic acid

The second step in this pathway is the oxidation of 6-phosphogluconic acid,

again with,NADP+, to give ribulose-5-phosphate (RS5P), COZ’ and NADPH.

(40) , ?OZH o v H2 OH
HCOH | - €=0
NADP®T  + HO#H .~ ——> NADPH + CO, +  HCOH
H?OH - N HCOH

° HZOH L H,C0 ®

o® o :

6‘phosphog1ucon1c , RSP
: ac1d ¥ ,

This reactlon,ls reported to be. reversible (Horecker and Smyrniotis, 1952).

-Independent calculatlons of the free energles of formatlon 'of the reactants
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and products in_thie reactibn_alsO‘indicateithat'the.reactioﬁeis reversible'
(Bassham and Krause, 1969).. |
Once the RuSP is formed, it-is;conyerted back to triose and hexose
phosphates via a reversal of many of the reactions involved in the reductive
’cyclem‘ ThuS3 two moiecules of RuSP are converted to two molecules of XuSP.
This is a reversal of reaction 32. One moleceie of RuSP is converted to
RSP, reversing reaction 33. Then XuSP and R5P react via‘a transketolase
{mediated step to give S7P and GAidSP; reversing reaction 31. ﬂ
The next‘étep'iS‘mediated by an‘enzyme, transaldolase, not used in
‘the reductive cycle. In its presence; GA1d3P and S7P are converted to E4P
. and F6P. |
(41) , $=O ‘H ﬁo HE=
: EOH + ” Q>§HOH———4> HCOH | +

o® 4

GALA3P - s "‘_, S CEeP  Fep
Another transketolase—medlated Teaction then converts E4P and the other »
XuSP molecule to FOP and GAldSP The end result of this sequence of reac-
- tions, beglnnlng w1th_Rp5P, is the conve151qn othhree molecules of RuSP
" to two molecules'of.F6P and one of GALd3P. uThese could be converteaAto
G6P and the complete cycle repeated. The operation of this cycle thus

'Tesulte in the oxidatien.of G6P'to'CQ2 and the reduction of two-ﬁoichles
of NADP to NADPH. for each‘COz.pxoduced

Nb ATP 1is produced from this cycle, and fram energy con51derat10ns
it soon becomes clear that it could be run.backwards only if some energy |
‘input could be devised. To do this, one must consider which steps in the

oxidative cycle are highly irreversible, that is involve large negative
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free energy changes 1nothe 0x1dat1ve dlrectlon

[

The most 1mportant Such_step is the Qdeatlon of GGP to 6-phospho-

‘ddgluconlc ac1d As' 1nd1cated CReactlon 39) thls reactlon ‘takes place in
,'b*: two steps.: The frrst step 1s the ox1datloncof the G6P to 6 phosphoglucono-
lactone w1th,the conver51on of" NADP to NADPH A.srmllar reactlon in which o
. glucose is 0x1d1zed to gluconolactone with the conver51on of NADP to NADPH

‘has«heen,studled (Strecker‘and Korkes, 19521,'and it wasnfound that the

© reaction to the lactone is high1y7reversible;v The large negatiye free

energy change occurs in the hydroly51s of the lactone to the free ac1d
It may be assumed that the corresponding free energy changes accompanylng

the ox1dat10n and-hydr01y51s of the phosphorylated compounds mlght be

‘Similar Thus what is needed 1s a way to provide energy for the conver51on ‘
- :,of the 6—phosphog1ucon1c acid to its lactone It is known that some -

.hydroxy ac1ds can. be converted to their lactones with ac1d and heat It

i's not known 1n'what yield this partlcular lactonization could be effected

If research is to be conducted on.promlslng pathways for the conver51on,of

-CO, to starch_lnfthe future, this lactonization reaction and the subsequent;

2
enzymic reduction of the lactone with NADPH would seem to be worthy of

study.
o Assumlng for the moment that this reactlon could be carrled out

eff1c1ent1y, there is one other p01nt at whlch an energy 1nput would be

Hrequlred. In. order to convert some ‘of the G6P to GAld3P 1n the - reversed
| pathway, F6P would have to be converted to FDP thh ATE 1n a reactlon ;

;.!medlated by phosphofructoklnase

(42) HL0®

8/iorr: + ATP. —3 ADP +



Wlth these reactions for energy 1nput the reversed path may be
-'VLsuallzed accordlng to the following scheme. The end result of this path' .
'would be the conversmn of carbon d10x1de tg GaP, u51ng heat and acid, as |
w.e_ll as A,TP'and NADPH. The requlrement for ATP would Be less than that of
.the reductivé pentose phosphate cycle of photos*yntheSi.s-. This appears to
' be the main possible advantage of this path whlch w111 be termed the
A '\'Reversed Oxidative Pentose Phosphate Cycle" (See Flgure 1, thin lines).

" ‘Reversed Oxiddtive Pentose Phosphate Pathway.

6. Phosphogluconate

| - - déhydrogendse
6 INADPH. + €O, + RuSP —pies 70 R

6- phosphogluconlc acid +
"~ NADP ]

> 8Kcal. heat,acid
Reaction 39a R“7

6 [6-phospho gluconate 6 4ph6 spho gluéonolactone] -

: B ] : G6P dehydrogenase '
| 6 [6 \pho_sphogluconolactone * NADPH —p—rre=sg—# GOP + NADP" ]

hexosephosphate isomerase _ |

> [GeP Reaction 24 R — FoP]

ATP + F6P phosphofructoklna.se\FDP + ADP
Reaction 42

Reaction 21 R

‘ aldolase '
FDP -Reaction 22 g DHAP + GALd3P
DHAP triose phosphate isomerase | GA1d3P

AT transketolase‘
2 |FoP + GALd3P g XuSp + E4P]

2 [F6P + E4P -’tﬁggiﬂgglﬁ%sm + GA1d3P]

"2 [S7P + GA1d3P ﬁngc‘ﬁgﬁoﬁsexmﬁp + RSP]

, pentoseph@sphate isomerase
2 RSP F== Reaction 33 > RuSP]

4 IX 5P phosphoketopentose epmerasg RuS.PJ |

...............................
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Net React1on,

6’COZ_+ 12NADPH*+ ATP + » 50 Kcal heat ———ré(Kﬁ’+ 12NADP* + ADP .

If a way\can.he found to convert 6-phospHogluconate to ltsllactone
efficiently with heat .and acid, the overall energy requirement could be
less than that of the reductive pentose phosphate cycle. The difficulties
and inefficiencies, described later, in regenerating ATP, could give an
adyantage to the reyersed oxidative pentose phosphate cycle which requires‘
only one ATP molecule per G6P formed as compared with 18 ATP molecules
' .requlred by the reductlve pentose phosphate cycle. However a dec151on to
build a system based on.the’reversed ox1dat1ve cycle could only be made
after further. research had demonstrated the practicality of reversing the

two ox1dat1ve steps of the cycle and espec1ally of converting the 6—phospho-

_gluconate to its lactone :

[’

“Formaldehyde Pentose Phosphate Cycle

B ’|

As mentloned earller, 1t is p0551ble to devise a cycle based on the
incorporation of formaldehyde.‘ This cycle has the 1nitial'disadvantage,
“already discussed, of requiring 50% more H2 due to the fact that CO2 must
first be reduced to methanol and then reoxidized. Nevertheless, there are
compensating characteristics in this cycle which warrant its serioos;con—.’:v
sideration. As.outlined below, the cycle would require severallfewer.steps
-than either.the reductive‘pentose'phosphate.cyele or the reversed oxidative
“pentose phosphate cycle.

A large uncertalnty 1nethe formaldehyde cycle is the- 1n1t1al step.
There are apparently~rather few blochem;cal reactions whlch anorporate
formaldehyde dlrectly into sugar phosphates. Kemp and Qpayle (1967)

déscribed the uptake of formaldehyde by certain bacteria whlchlmetahollze

.
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C-1 compounds suchcastmethanol or. methane in. whlch the C 1 compounds -are
converted to formaldehyde. whlch.thencls 1ncorporated 1nto sugar phosphates;.
Kemp and Quayleo(1966l reported that a pentose phosphate cycle operates to
regenerate‘a pentose phosphate formaldehyde acceptor. In their scheme,

formaldehyde was condensed with rlhose Swphosphate to give allulose- 6-

lr phosphate ‘a 6- -carbon sugar monophosphate They proposed that this sugar

phosphate was converted to fructose 6-phosphate after whlch rearrange—
ments via enzymes of the pentose phosphate cycle regenerated the ribose-

5-phosphate acceptor. However, further study of this system has revealed

that’the‘reactions are not quite as thought (Quayle, 1972). In any event,

' the enzyme involved in the fornaldehydevincorporation is difficult to iso-

late, and its reaction not yet.well—characterizedn

Of perhaps more interest is a report (Dickens and Williamson, 1958)

of the participation of formaldehyde in reactions mediated by transketolase.

The reactlon,studled.was between formaldehyde and hydroxypyruvate and the

products were CO2 and dlhydroxyacetone in an irreversible reaction.

(43) ' © H,COH ' HZ(EOH
HCHO + 0 —> G=0 + (0,
COH - 3 Hzc":on

-f:pr.transketolase could mediate a reaction between formaldéhyde and XuSP,

' the products would be GA1d3P and dihydroxyacetone.

4 Hzpoa H,GOH H(]I=O. |
HCI{O + $=OV —_— i:o_ + _HEOHI
| HOCH. HyCoH  HCo®

HCOH. I o

\ ¢ ‘ .
HZCO®
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-We could find no r—eport"o,f such a reactiin in the 1i,tera.ture_ . Letters to
E Professors Dickens and Racker answers suggesting that the transketolase
- reaction with formaldehyde may not haw'f'er,been further studied. Thus the
following seheme based on. this reaction mﬁst remain, tentati.,ve.i Neverthe-
less it is given because it represents a cons-i‘derable simplification of
the enzyme-mediated path to carbohydrate.
A V:;‘eaction medi_ated‘ by triokinase would convert dihydrokyacetone, to

its phosphate, DHAP, with ATP. -

sy HZ(EOH o - . HZ(fo@ -
'(]j=‘o .+ ATP —9 . ﬁ:=o ‘f;ADP
HCOH — + - o

'For each three pa'i‘rs‘ of triose phosphates' formed (six triose phosphates) ,

one DHAP would be converted w1th triose phosphate isomerase (Reaction 21 R)
to GA1d3P, so that the net result of ‘the three transketolase 1ncorporat10ns
- of formaldehyde would be two DHAP molecules and four GA1d3P molecules.

o The conversion of five 'nio‘.l_ecules of triose phosphate to three ntole-
cules of pentose phosphate would follow just the same pathway as in the
reductive pentose phosphate-eycle, exceot' that the final product would be.

' XuSP instead of Ru5P. Two of the pentose phosphate molecules made by the
transketolase reactlons are Xu5SP to begln with, and the RSP could be con-

: verted to XuSP via RuSP (Reactions 33 and 32R). | ) .

— The he reactlons of these three XuSP molecules with formaldehyde and sub-
'se'quent step‘s pro.duce, six molecules of tr;os,,e phosphate, one more than needed

to regenerate the XuSP molecules. Each two complete cycles would thus form

two triose phosphate molecules from which. a net of one G6P would be made.
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" .. Formaldeliyde - Pentose.Phosphate cyc1e..n

_|6[HCHO + Xusp | Eléﬂék@ﬁgléi@a DHA 4 GAldSP] S
' ’ Reactlon 44 S

,6[DHA + ATP ..Lligkigg__,b ADP . DHAP C ;  "‘ o

Reaction 45

DHAP trlose phosphate 1§°meréseiGAld3P

. Reaction 21R

 3[DHAP + GALd3P, _aldolasg FDP]
o ' -+ - Reaction 22. -
+ FIP ﬁxggzgég_éaph_éphazags, Fﬁp + p

. Reactlon 23

Reaction 28

+

2[F6P

. 2[E4P +

S+

DHAP aldolase > SDP]
Reactlon 29 .

HZO - fructose diph tases g7p + ?i A
- . Reaction 30 ' i

+ .

" 2[sDP-

2[S7P

+

GAldzp tramsketolases yisp 4+ Rsp)

Reaction 31

2[R5P pentose phosphate isomerase

> RuSP].
Reactlon 33 ; ) :

2 [RuSP phosphoketopentose eplmerase) XuSP]
Reactlon 32R

"F6P J3ESEELJ&&EE&@Iﬁ.lﬁQmQIQSQ.ﬁ, G6P. ..

Reactlon 24

Net Rea;tidn: /6 HCHO + 6 ATP ---- G6P + 6 ADP-+ 5 P;
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The overall net reactioh; starting witheformaldehyde would be:

(46)  GHCHO + GATP QQ-}G@P * GADR + SPA

This requlrement for 6 ATP molecules (1 AIP per HCHD) compares w1th
>.18 ATP molecules for the reductive pentose phosphate cycle and 1 ATP for
Ithe reversed oxidative pentose phosphate cycle. The formaldehyde cycle
requires no reductive reactions, and this would eliminate the need for a
system to feduce_NADP+-to<NADPHm' To calculate overail ehefgetics,_one

must include the three moles of H, needed to reduce CO, to formaldehyde

'viavmethanol. Starting with,HZO, 3 moles of H2 costs 3 x 56.7 = 170.1

Kcal. ‘Adding 1 ATP (12 Kcal) gives a total chemical energy requirement of
182 Keal. However, if the-regeneration of ATP iS'Very inefficient, the
- total energy cost could be less than in the case of the reductive pentose'

phosphate cycle.

"COmpafiSQn of Three Pathways
" We are now in a position to compare the three principal pathwa&s we
have‘aiecussed There may be other pathwaye but we reiterate'our centention |
that pathways involving dlrect 1ncorporat10n of one-carbon compounds into
, carbohydrate ~like compounds seem likely to be the most eff1c1ent It will be
recalled from our earlier dlscu551on, that organic syntheses of two-carbon
‘eempounds appeared to require too much energy. Biochemicai‘inéofpotatien |
of carbon into nonfcarbohydrate compoﬁnds must be foliewed by a 1arge number ,;t‘
. of biochemical steps to convert such. compounds to carhohydrate.
Of the three‘pathways discussed ahoye, only‘the photesynthetic carboh'h'
reductlon,pathway~ the reductive pentose thsphate cycle, is known to Qccur g
. as written in nature., All of its enzymes are together in the same phy51o- |
logical enylronment in the chloroplast Thus, their abll;ty-to function

’ . oL .
~in a common env1ronment,of pH, metabollte concentrations, Mg = ion concentration,

.
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etc. is assured Thls could be a great advantage 1f it deve10ps that the
'“r?Best system for réactors lead1ng to starch_synthe51s is a multlenzyme
' reactor Con51der1ng the: magnltude of the separatlons of products and

reactants 1nvolved there seems to be a hlgh_probablllty that such a multl-:

enzyme system may- be advantageous

b
’

of course, all of the enzymes of the reversed ox1dat1ve pentose phosphate
"fcycle also occur together. However, it would be necessary in the case of that
| - cycle to 1solate the 6- phosphogluconlc acid prlor to its convers1on to 6-',..:
phosphogluconolactone The fact that 6- phosphogluconlc ac1d is the only

_ carboxyllc ac1d in the cycle is not all that helpful, 51nce most of the

other,metabolrtes-are'phosphates, and hence also anions at neutral pH.

+ The formaldehyde pentose phosphate»cycle would be‘significantly simpler v

than the other cycles, 51nce 1t substltutes the transketolase reactlon the

enzyme. Wthh.lS requ1red 1n all three cycles, for the carboxylatlon reactlon, ;-.

and the reductlve reactlons of-the other .cycles. It has its own kinase
reactlon, but SO do the other cycles, the’ reductlve pentose cycle requ1r1ng
two  kinase reactions with two dlfferent enzymes | |

s Wélghlng agalnst thls advantage are three serious dlsadvantages (l}
'iﬂA'requ1rement of 50 more HZ’ and (2) Our present lack of certalnty that '
the transketolase reactlon with formaldehyde and XuSP would work (3) If
,“\formaldehyde would react wrtthuSP it mlght also react w1th F6P to glve
dlhydroxyacetone ‘and E4P and wrthrS7P to glve dlhydroxyacetone and RSP
v”)Slnce these are also 1ntermed1ate$ 1ncthe proposed cycle a scheme could

'perhaps Be worked out to use suchcreactlons, but ‘some. prohlems of control

‘mlght ensue . Nbre serlouS\would be a reactlon of formaldehyde with. dlhydroxy—‘ .

f_'acetone pHosphate to g1ve erythrulose 4+ phosphate Thls;reactlon_has been
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reported (Charalampous and Mueller,‘19531; Another enzyme would,thenv
haye to Be found to conyert erythrulose 4—phosphate to E4P antlntermedlate
compound of the cycle" ' -

There is also the danger that formaldehyde, a fairly,reactive chemical,
might poison some of the enzymes, if a multienzymebsystem were employed.

Given‘these uncertainties about the dnteraction of fornaldehyde with the
enzymes discussed, bius the'higher initial energy input to‘convert CO2 to -
formaldehyde Viavmethanol, we are unable to select the formaldehyde path as
our first choice. However, it would appear that this pathway could become
the one of choice.if a Way could be found to reduce CO2 directly to formalde-
hyde and the enzymology should prove to be favorable after further study

The reversed oxidative pentose phosphate cycle offers a p0551b1e advantage -
over the reductive pentose phosphate cycle in terms of a large sav1ng on ATP |
input.. . Dependlng on how eff1c1ent1y the 6—phosphoglucon1c acid could be
converted to 6- phosphogluconolactone and how much energy must be expended, to
regenerate ATP from ADP and 1norgan1c phosphate this could be a very unportant
factor. Since bothtof these factors are unknown it is 1mp0551b1e to make a
decision on thls4basls,

A‘severe dieadvantage of the reversed oxidative pentose phosphate cycle

'is our lack of knowledge about the fea51b111ty of reversing the two ox1dat1ve

' steps. From a thermodynamlc standp01nt both‘steps are feasible, if the ac1d SRR

can be chemlcally-conyerted to the 1actonem Overall this cycle has about the
same number of steps as the reductive pentose phosphate cycle. Slnce thlS
cycle has not beenrrun‘backward and since we are not certaln that the acid
can be efficiently~conyerted to the lactone, we feel we must make the‘reductlve_

pentose plosphate cycle our first choice.
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The reductiye pentose phoéphate cycle is the Unique-biochemical pathway, ’
selected by\eyolutlon for the converslon of CO2 to starch‘ It seems probable

that no Better pathway can be dev1sed to operaté under ‘the condltlons existing

‘*1n_a~llylng cell. This does not rule out the p0351b111ty that a more eff1c1ent
pathway\can be devised using conditions not tolerable in a living cell. Also,
. the lIVlng cell enjoys advantages that make for great eff1c1ency In partlcular,
all the reactlons of the reductive pentose phosphate cell take place within an
.qrganelle only 5 m1Crometers tn diameter. Thus, the‘complexity of the cycle
doesn't cause any diffusional problems. Another great advantage of the
living cell is the great selectivity of'permeability of transport of chemicalel:
through_the llmltlng membrane of the subcellular organelle the chloroplast.
From such.con51derat10ns it clearly is not Justlfled to conclude that
_what is best for the mlcrohlochemlcal factory of the green plant cell is
necessarily best for the macrochemlcal factory built by man. But perhaps
. because of the lack of known facts about key features of some possible.
alternatlve pathways we have been unable to flnd such a pathway whlch is
‘ demonstrably'more efficient than the photosynthetic pathway.
From a purely chemical standpoint the reductive pentose phosphate cycle
is remarkably eff1c1ent Slnce the startlng point for our proposed starch
.“synthe51s is water and COZ’ it is fair to calculate efficiency on this basis.
- The energy{stored-ln converting one mole of 0, and‘one‘of water to-a mole<
| of O2 and a sixth mole of glucoee is +114.4 Kcal (Reaction 1). The energy
requirement of the cycle per CQZllee'incorporated is two moles of.Hz and‘-
‘three moles of ATP (Reaction. 35). Spllttlng tuo moles of water to give ‘
two moles of H and one of . 0 _cost 113. 4 Kcal (Equatlon 2), whlle three moles

of ATP is*worth‘aBout 36. Kcal Thus the overall efflclency‘of the reductiye



- 45 - -

' pentose phosphate cycle may be calculated as 114 4/149 4 = 75%‘ Of course, 'r”
the ‘cost of producing the ATP outside of the cell may be much hlgher than it.
R is in the cell (where 1t costs about 56 Kcal to store 36 Kcal as ATP)

" Oné other advantage of the reductlve pentose phosphate cycle may be 1
mentloned?, If a factory based on stablllzed enzymes is. to be bu1lt 1t 1s"
‘ important'to have a'source of abundant 1nexpen51ve materlals to supply the

enzymes, since: they appear likely- to have a 11m1ted 11fe even in - the -
'stablllzed state. All of the enzymes of the reductlve pentose phosphate ,"d '
cycle are of course present in all green leaves.‘

: Recommended Pathway

A pr1nc1pal purpose of thlS study was to examine p0551ble pathways '
for the conversion of CO2 to starch, u31ng energy and water ‘and to recom-
_'mend the optlmal pathway At the outset we had expected to select the
most promlslng several pathways on the ba51s of 51mp11c1ty, energy effi-
c1ency, and probablllty that the pathway could. prov1de a successful route
1n,terms of practlcallty of the reactlons and of the englneerlng concepts
necessary to convert the reactlons 1nto useful 1ndustr1al steps We had
expected that 1t would be p0551blebto 1ncorporate steps of organlc synthe51s
not 1nvolv1ng the use of enzymes w1th the1r attendant d1ff1cult1es and to
reserve the enzymes for those later steps in the pathway in Wthh stereo- '
spec1f1c1ty of the products must be malntalned

At the same time, we had expected that there might be dlverse blO-“

' chemical steps from.dlfferent systems that could be 1ncorporated 1nto the S
pathway to give a system‘more eff1c1ent than any: found in nature We
,‘dldn~t really‘expect that this would be the-case‘lf all the steps were to

be enzymlcally catalyzed for evolutlon has had a 1ong t1me to perfect

“the best such system., However, if some organlc reactions carrled out under
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wnonsphysioloéical cond;tions-were included? itﬂcould'change‘the rﬁlés of
‘tﬁe‘game?”and other pathways could becomefmore,efficient, ' |

As it turns out; we are forced to make a‘choice in fayor of the photo-
synthetic carbon'reductioncpathj-the reductive pentose phosphéte cycle;
,This choice is dictatedipartly by;ignorance in:the 1iteratufe about key
'Steps in alternative pathways and partly by ignorance about organic reac-
tions for converting carbon dioxide to reduced carbon comnounds with a
high,energy'efficiency. Organic chemists haye not been faced with‘this S
pfoblem. In our present petrochemically-based technology of organic'com—'
pounds it is muchccheaper'to begin reaction sequences with already redﬁced
organic compounds. Those chenists who have been faced with the problem of

14C-labeled organic

iﬂorganlc synthe51s with COZ’ say, in the synthe51s of
compounds have not been ‘under any constraints as "to the use of energy or

energy-rich compounds such as 11th1um-a1um1num hydride.

"Problems and P0551b1e Solutlons

Having chosen the reductlve pentose phosphate cycle we must con51der
4its disadvantages and how they may be overcome. The flrst obvious disad-
vantage 1s the carboxylation reaction itself. As the later sections will
show, the carboxylation enzyme, ribulose diphosphateycafboxylase, is a
high.molecular weight‘protein, rather low in turnover nunher, somewhat
' unstahle and probably subject to complex regulatory mechanisms in vivo.
ThlS enzyme is known to requlre COZ’ not blcarbonate 1on, as its substrate
“Thus in any 1lqu1d system 1ncwh1ch a 1arge portlon\of the carbon is ln the
form of blcarbonate,lon‘lﬁ,mlght be necessary\to include some carbonlc_
enhydrase, an enzyme that speeds the eqoiliBtration;between.COZ_and:carbonic

acid. However, this requirement can probahly be obviated by using higher
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.concentratlons of L0, and 1t,may be, an\englneerlng advantage to be able to
‘”do Just that. As drscussed under Propertles -of the Enzymes lower: molecular
welght forms of the carBoxylase are found in. certaln bacteria, and this
;could be an_advantage 1n plant design. Beyond this we can only suggest
:extens1ve further research\on ‘the propertles ‘of the carboxylat1on enzyme,
and on its 1nsolublllzed and stablllzed form

Another dlfflculty w1th,the reduct1Ve pentose phosphate-cyCle is its

large number of steps The cycle 1tself contains 13 steps, although 10

enzymes are requlred 51nce 3 enzymes, aldolase transketolase and FDPase- '

. SDPase do two JObS each. Another-S enzymes are required to reach starch
"in,nature' If starch.phosphorylase can be substituted for the four steps
'between G1P and starch, this number would be reduced to two.

As w1ll be dlscussed in the engineering sections of this repOrt
there are formidable problems of separatlon of metabolltes, coenzymes
1norgan1c ions,. etc. ) assoc1ated'w1th the operat1on of a reactor repre-
sentrng any-of these steps catalyzed by enzymes 1nsolubrllzed on.part1cles.‘
' in a fixed bed. If such separations are to be‘carried out for‘eachlof‘the
15 to ZO‘posslble enzymically-catalyzed'steps (if ue‘include regeneration
" of ATP and NADPH) , the plant costs and energy requlrements will multlply
enormously . The energy cost could ea51ly become one to two orders of mag-h:~

nltude greater than the chemical energy storage accompllshed ‘EVen though E

we are assuming a supply of 1nexpen51ve energy (w1thout Wthh thlS system e

‘could never become practlcall_waste of energy on. a Vast scale probably w1ll ‘:b

not be tolerable

Incorder to mlnlmlze this waste, of energy due to separatlon‘processes,

it'appears possible that most, if not all, of the enzymlcallyecatalyzed )

4

'''''



- 48 -

steps should be'cartfed eut inda coﬁmeh.”stirredrtankﬂ‘reactor; 'SﬁCh.a '
systemﬁmay»apprOachtbn;a'macrq scaie.what the CHibroplasts accomplish;qn
a’michJscaleu, Thus perhap5\the only 1nputs to the reactor could be COZ’
2 gas, and acetyl phosphate The outputs could be acetate and phosphate
and starch. A portion of the reactor fluid would be contlnuously filtered
vand cycled through starch-synthesizing columns. Starch would collect on
these columns, which would be removed from time to time fof sepafation_of
. the starch from the, column ﬁaterial 'We know that all of thepcomppnents of
the reductive pentose cycle (enzymes, metabolites, etcA) are compatibie
'we are not certain that the enzymes whlch.would be involved in the transfer
of electrons from H, to ferredoxin'to NADP' are likewise compatible with ,d
-all the rest. - There is some reason to hope‘that they'would be, since cer-
taln.algae can be adapted to'carry out a dark reductive pentose phosphate
lcycle u51ng H2 instead of light. | | | |
Certain other advantages may be cited fdr'the'system just@'described;
First, the presence of HZAgas in the system (and the exclusion of 02)‘w0u1d
probably ~increase the stability of most enzymes.
Second, the H2 atmosphere, anaeroblc would greatly reduce the proba-

. b111ty of serious bacterlologlcal contamlnatlon Very few species of

" bacteria live on H2 in the absence of O Fermentative bacteria would still” -

be a threat, but their growth might be inhibited. by the presence. of acetate
and ther/absencezof very muchpﬂ)free sugar. Also, antibiotics could be used;:
Third, the system would be to SQme extent self regulatlng Thrée of
- the enzymes catalyze more than one step, and these. enzymes would tend to
catalyze :the reaction for which there was-the'higher leyel of substfate;-

taking into account the binding constants for the substrates. By making‘
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_'certaln enzymes rate llmltlng (as they are in the chloroplasts) and anl' d7-"3”
':torlng and controlllng the" amounts Qf these key\enzymes a hlghcdegree of
regulatlon_could be achieved w1thlrelat1vely few controls

- Fourth, since all steps would take place in the.same reactor and -

B 151nce only*end products would be removed all reactlons would eventually

'i.'ﬁf'mountable lefu51on tlmes could be reduced perhaps by hav1ng ‘the enzymes th

B L N

s o et '\_,(-- . T U
¥

go to complet1on There would be no need for any recycllng

e T s A e e

‘/
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'xexcept in the flnal stage of starch synthe51s S R . S

| ' The problems of runnlng all steps in. the same reactor are not 1nsur-
_-for several seouent1al steps attached to one’ bead _ For‘example beads

' pcould be prepared w1th.pentose phosphate 1somerase (Reactlon 33) phospho—"'
= ketoeplmerase (Reactlon 32), phosphorlbuloklnase (Reaction 34), and r1bu—:;

| jlose dlphosphate carboxylase (Reactlon 15) |

In summary, I am recommendlng that the reductlve pentose phosphate :

",cycle be used w1th an 1nput of HZ’ 02, and acetyl phosphate and that allﬂ

) steps be carrled out in a 31ngle multlcomponent reactor Such a reactor 1}7ftaghfjﬁ

"'would be a: k1nd of macrochloroplast although w1thout«- the 11ght harvestlng
,:apparatus - | o

"Energetlcs of the Reductlve Pentose Phosphate Cycle and Alternate Cycles

" The ”phy51olog1cal” standard free- energy changes (AG ') of the reactlons
J'{’of the reductlve pentose phosphate cycle have been calculated by Bassham and
Krause (1969) The standard condltlons for these phy51olog1cal free energy |
changes are that all aCth1tleS of solutes are at unlty and all gases at d | o
1 atmosphere but. IH;J th ' , _ﬁ L 'lf | “: :'““',“ ﬂ ) ﬁv“w

' The actual concentrations: of metabolic 1ntermed1ate compounds 1n.photo-p

‘synthe5121ng Chlorella pyreno1dosa, and from these and the aG> ' values, the

steady- state (AG ) values,'ln that system, were calculated The.AGS“values'-{jh

R
T . .
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would, of course, vary w1th\the system Howeyer, they are of some 1nterest
in the present context " There is a 11m1ted range of concentratlons that is .
- optimal’ for the enzymes partlcularly in a multlenzyme system,‘where one -
enzyme may be exposed to the reactants and products of another enzyme- B
'medlated reactlonx Thus it is llkely that, if a multlenzyme system is IHN
3'employed 1nra reactor of the starch,synthe51s plant concentratlons w1th1n'j
. an. order of magnltude of those found in the natural system of green plant |
o cells w1ll be requlred The AGS values would consequently not be too dlf— o
: ferent in- the artificial system.
-For example, 1norgan1c phosphate P. i is commonly in the range of con-
.centratlon of 1 mM in plant cells. ,Thls_adds -4.2 Kcal to the AG values
.; of:reactions‘in which,Pi‘isyllberated‘CReactions 23 and 30).

T . . 1 R ‘o . . . .
Table I shows the aG® and AGS values for ‘reactions of the‘redUCtive

s

and oxldative'pentose phosphate‘cycles; Table II shows free energles of " *r;l:\u//»ﬁll
fbrmatlonrfrom the elements of'metabolites.' From an examination of Table I '
several‘points'are apparent: |
l) AGS Values are generally close to zero for the majorlty of reactlons,
1nd1cat1ng h1gh rever51b111ty | | |
21 A few react1ons have larger negatlve values. for AGS | In the
‘reductlve cycle these are partlcularly the carboxylation reactlon and the
FDPaseﬁmedlated reactions. | o
3) In order for the reduct1on of PGA to trlose phosphate to occur
(have a AGS with a negatlye Value), the concentratlons of reactants (ATP,
NADPH, and PGA) must be con51derably hlgher than. the concentratlons of the. _“hf
dproductS'CGAldSP, NADPL,,Qi, andeDPl However, the fact that there are
3‘reactants-and Avproducts helps, since the‘concentrations-of all metabolites
-4

lie within an order of magnitudé of 2 x 1074 M.’
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Table I. Free Energy Changes for Reactlons of the Reductlve and

OXLdatiye\Pentose Phospﬁate Cycles

' , o% . - S
Reactlon. . Reactants. ‘ Products: ) GQ T ¢
' No. - ’ . ‘ ' "Kcal _ Kcal -

RN \\\4.\»-‘ »»»»»»»»»»»»»»»»» - ------ Torer ot rr s s e e e

15 - RuDP, COZ’ A

HO" 3PGA '-  . <84 9.8
.16 ATP, 3-PGA ADP, PPGA

e l+4,3  16
17 PPGA, NADPH ~ CGAId3P, NADP®, P SR
21 l7GA1d3P |  | . DHAP ,A‘. o s 02
22 emaw, e BP0 s 0w
25 FOP,HO 'gepé Pi_'. - o '-3.4 -6.5
24 R e 05 0.3
O 2 0 S
28 FeP; GALOS® © BiP, usp . 4.5 0.0
29. B, DHAP  Sop | 5.6 0.2
30 SDP,'Héb | s7p, Pi o - 3 g
31 S7P, GAId3P RSP, XusP S A0 1
52 | Xuse ”Rusp‘, T 0.1
33 R RSP 0.5 01
3 RuS, ATP R, ADP ka2 sg
:1.39,39é . GoP, NADP#,‘ ' _6-phosphogluconate, |

NADPH w84 114

40 - 6vphosphog1gco- "RuSP, NADPH, co, o
nate NADP T o R SR z2.1

Fron Basshan & Krause?.1969m |
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Table IIN"PHySinogiCai Frge:EnérgigsnQf:fdrmatign;from‘the Elements

of Metabolites and Related Compourds — ~ '

T
AT
a-D-glucose : = . . -219.2.

-2 ' : ‘

G6P ~ P-215.9

G1p~2

P-214.2
P-215.4

P 2 2p-212.0

2

- DHAP™ P<104.3

euaw? P02
Glycerol. = ; o ,-116.81
Ca-glycerol P4 . - P-114.4
3PGATS , o P157.5
2-PGA™> N P-156.1 -
pyruvate™ | - -—113141.:
CEep? L P-130.1

s7pT2 P-252.5
-4

SDP 2P-249.1

-2

RSP P<177.6 .

Rusp”&
rapp™t | 2p<174.6

-

P-177.0
6

XuSp ™ P<177.3

6-phosphogluconate - ' P-267.4
o, | -94.3,
H,0 | ‘ | 56.7
z |
e 9.6
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- The high"degreeaof.reverSibility‘offmanyxsteps may well be a’strong

argument in fayor of a multienzyme reactor. For example, if all enzymes

of the reductive pentose phosphate cycle:Were'present in a single reactor,

'the large negatlve AGS of the carboxylatlon Teaction (. -lO Kcal) would‘v

drive Carbon into the reaction pathway. Subsequent rever51b111ty would
not matter, since carbon would be removed from the system in'the starch-

forming reaction, which also is estimated to have a substant1al negatlve

.free energy change (assuming the ADPG system, Reactlons 26 and 27, is used')

If a.51ngle enzyme, flxed-bed columncwere used for a hlghly rever51ble
Step, it is clear that cOnsiderable unreacted material would come out of
the bottom of the column, and would have to be separated from the reactants
Coenzymes etc »Separatlon problems are severe in terms of plant 51ze,
energy consumption,'and cost,land.must be minimized wherever possible.

This is another reason for seriously considering a single, multlenzyme

- system suggested earller,'ln.whlchcthe only inputs. are COZ’ HZ’ and acetyl

phosphate ~ The only" outputs would be acetate, phosphate and. starch lhe :

© . starch might be removed on a side-loop column, where it could be collected

in insoluble form. The column (one of many) could be removed, and the

_ starchcwashed off (perhaps follow1ng partial enzymic dlgestlon) The" acetate‘
" and phosphate having lower molecular welghts than other metabolltes and

'coenzymes would be removed in other loops employing a battery of countér-

current selectlve dlffu51on\deylces as described in the engineering reports
Whlle ‘the example in"the englneerlng report. describes ‘the separatlon

of dlfferent metabolites, it is hoped that the pr1nc1p1e could be used for

. separating acetate and phosphate from otherxmetabolltes; It is clear,

however, that con51derab1e 1mprovement in the state of the art of selectlve

dlffu51on,membranes will be required before thlS hope becomes a reallty
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: 'Assuming thit the low cost energy pOstulated as ’the' basis ‘of this .

I‘“be the separatlon‘proBlems\ e mlght sumjarize thls op;nlon bY saylng that;l

the use of 1nsolub111zed enzymes appears to offer the ‘promise - of duplica-

tlng‘ln.VIVO catalysls? but membrane technology is mueh further at the .

present time from duplicating in vivo selective transport. Both of these.
propertles of 11v1ng cells will have to be copled in ‘some way if we are to

reproduce the synthetic process of photosynthe51s
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| INTRODUCTION |

One.Of the criteria in. selecting the'thﬁnal pathway for the synthesis
of starch. from coz} water and energy had to be the number and characteristics
of the enzymes involved. In turn, this assumes the availability of infor-
-mation,on_these enzymes. The present section summarizes the literature
available on the enzymes participating in the reductive pentose phosphate
- cycle-~the pathway which was selected as our first choice. Perhaps after
scanning through this information the reader might wonder why we selected
this particular pathway. Indeed, there are very large gaps in our know-
lédge of the enzymes. One can only reply thatfthe problems and lack of
information appea;edT even greafer‘in the other alternatives considered.
Many examples of such problem areas wéfe given in.previous sections of the
Teport. o

The enzymes inAfheLfollowing survey afé arfanged alphabetically and
are also numbered according to the number given iﬁ'previous'sections tb the
reaction they catalyze. Although we have tried to be fairly coﬁplete in
the bibliography, the sumaries themselves concentrate mainly on thé data
whiéh‘we felt would be needed for a systems design. These aré ﬁrincipally
data on the enzymé at the molecular level such as molecular weights,
presence of cofactors, pH.optima; kinetic parameters, data dn ihhibitoré,
etc. ;Any available information on stability and primary'structure was at
least referred tQ;as a basis for possible future research on the ihsolubili;
~zationiand.stabiliéation,of enzymes ..

What are some of the overall éonclusipns'emerging from this survey of
enzymes? It is clear that much work is still needed on the enzymes them-

selyes. In a few cases (phosphoglycerate kinase, ribulose phosphate
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epimerase,'phosthTiBulqkinase) it will be seen. that fewﬁOiAhb highly
purified preparations of the enzyme have;és.Yetheenjdéstribedg In other
cases (glyceraldehyde'3—phospﬁate dehydrbgenage? transketolase, triose
phosphate isomerase, éldolaseg fruétose diphosphatase) the enzymes are
well known, but they have been studied mostly from the point of view of
the mammalian biochemist, i.e., as degradative enzymes participating in
such metabolic pathways as glycolysis and oxidative pentose phosphate.
These enzymes were, generally speaking, purified from yeast or ﬁammaiian
tissues rather than from plants, and in many cases there are few or no
available data for the reactions performed in the direction of the syn-
thetic. reductive pentose phosphate cycle; ’

We would have liked fo have more data on the plant enzymes, as these
might be more useful in the starch.synthesis for tWo’main reasons:

1) First, plants would be a cheéper;Sdurce of enzyme and would contain
~'dll the enzymes needed for the pathway of interest. CTQO of the enzymés
in the cycle,.ribulose diphos?hate carbdxylase and phosphoribulokiﬁase,.
are unique to the reduétive pentose phosphate cycle.)

2) Secondly, we have no infbrmation‘on the ig.yiggg_compatibility‘of
the various enzymes needed, but we know at least that all fhé enzymes are . x
able to function together iﬁ their natural environment«vthe-chloroplast.
It-likely would be easier to find conditions of pH, ionic strength, etc.
sﬁitable for all the enzymes inyolved, or at least for é,majority‘of them,
if they were purified frqm a common. source., Thi§_wpu1d.be_important fqr a
design such as is prqposed in the sectipn;on‘pathway-sélection, in which a
number of reacfions are performed in a cémmon reactoy .. it‘must,be stfessed,

howeyer, that it i§=-impossilbe to predict on the basis of available data



Iwhether'thiS'is a realistic approachctO‘thefproblem‘ﬁrdm a chemical point

of vieW\' Notkonly*iswtheﬂinformation‘lacking on. thelinjvitro compatibility

"hf}of various soluble enzymes, but we also have to contend w1th the fact that

-~

. the propertles of the enzymes mlght change con51derab1y durlng the process
vof 1nsolub111zat1on< Vlrtually no work 15 ava11able ontthe 1nsolub111za—
“itioncof thefparticular.enzymes needed : Therefore, at»the present time,

- any de51gn would have - to be based on.whatever 1nformat10n 1s avallable on
ithe soluble enzymes and thls w111 almost certalnly 1ntroduce a 1arge degree
: -of uncertalnty
.. This section also includesla summary of the available lnformation on
"enzyme insolubilization and stabllization The'work that has been done on
other enzymes mlght at 1east serve . to make some" reasonable predlctlons -

- about such requlred parameters as the ‘amount of prote1n bound per un1t of ‘
' support and the proportion of proteln remalnlng enzymatlcally actlve after
blndlng .
Incconc1u51on, it can‘be stated that.much_research 1s st111 rieeded 1n'
the follow1ng areas: | | |
| l) Pur1f1catlon~of all the,enzymes involyed using green plants‘asfa
common source. | | ‘ |
1 2) CharaCterization ot‘the.enzymes at the molecular level espec1allyi-f

B from the’ p01nt of view of the reactions as they occur Ln the reductlve e

.~’..pentose phosphate cycle. This 1nyolyes;1n a number of cases the developlng

of new assay proceduresmeasurlng;enzyme;act1V1ty in. the dlrectlontneeded
3) Insolublllzatlon‘and stablllzatlon of the enzymes, eluc1datlon of
the propertles of the derlvatlyes and thelr compat1b111ty ThlS area is. - -

certainly: the bmggest questlon.marktat the-present tlme? L
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‘(Reactions. 22, 29)
AhAldolase” is- a generic name for a number of enzymes catalyzing the

~ aldol cleavage/condensation reactions'involving‘dihydroxyacetone phosphate

and a variety- of aldehydes. Among these,reactions; the most important

ones are:
L ‘ -, < carbon reduction cycle -
DHAP + D-glyceraldehyde-3-P . - R " FDP
. : : glycolysis o

DHAP + D-glyceraldehyde - F-1-P

- ‘ . liver fructose metabolism

S : R “carbon’ rediiction cycle _
. DHAP + D-erythrose-4-P e ~ . SDP

A'Ezgggicéﬁfiguration'at positions 3 and 4 is required.

Aldoléseé are present'ahd havelbeen studied_in represenfatives'ftom
all phyléfv A partial bibliography on the enzyme comprising mainly the‘ﬁore
recent work is comﬁiled ét the end of this section. It inéludes_se&efal
reviews dealiﬁg with various particular aspécts-of the enzyhe: ﬁuttef,(1961), 4
Rutfer (1964), Morse énd Hbrecker (1968) , Horecker (1971). In spite Qf;
the wealth of available studies, the data most necessary for our purpose
-are very scarce or apparently not available. 'This iS becausé aldolase has

: beén.st§di¢d.most1y aé the glycolytic ehzymé, the assays being performed
“in the.difection<6f EDp cléavage. 1Thus data on PDP sfntﬁesis are seldom
giﬁen énd‘dafa on SDP formation, do notAéppear to be avéiléble. |
| Aldolasés~are claésified in two largé‘grOUps (Rutter, 19641f éiass I
..énd class II. ’These areAsufficiEntly\différent frqm eachwgthervto justify

the assumption. that they are analogous (rather than homologous) proteins.
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I, Class I aldolases

The prototype for. thlS class is the.mammallan muscle aldolase lThe"

‘“'group 1ncludes a. number of” mammallan aldolase 1sozymes from. dlfferent

}organs enzymes from Varlous ‘other- animal phyla as well as. the enzyme
‘.from plants RN : ".“ t g "-f = N A P
.L The dlstlngu1sh1ng features of thlS class are: a molecular welght “V\
of 140 000-- 160,000, no 1nh1b1t10n_by metal chelators no bound metal 1on,

" no actfvatlon_bydnonovalent'lons and broad pH -optima. Data on three,
' representat1ves of thls class are complled in Table T. o "'Pf
It should be noted From the k1net1c parameters of the two mammallan o f“‘ﬁu~l
.1sozymes that aldolase B (llver) appears to be adapted for fructose metabo;‘ d. .
lism and gluconeogene51s, i.e. for FDP synthesxs _ Therefore of the two 'wx:
- mammalian aldolases described, aldolase B. would be more su1table for the "W'
‘sugar'synthe513‘process Unfortunately; the-klnetlc parameters foruthe .
splnach enzyme were studled in the direction of . cleavage both of FDP and f ffyhf‘
f of SDP even though these are the inverse of the postulated photosynthetlc : ”?;”9-3
; _reactlons Nbreover data for the reaction of. SDP synt! thesis from E 4 P L o

‘and DHAP seem to be. unavallable for any of the enzymes studled

IT.. Class II aldolases - S yy A o 1;Hu;;_"

This groUp‘is found‘in'fungi and baCteria*(includinghthenblue—green‘!‘yyywﬁuﬁ;gh
,”algae”) and is distinguished by a molecular weight of about 70 OOO the SRR
presence of a bound dlvalent metal lon complete 1nh1b1t10n by EDTA .

(rever51ble by addltlon of dlvalent metal 1on), actlvatlon by K : and i

0
'

v P

N ‘ i

sharper pH‘optlma\ In‘contrast to class I enzymes class II aldolases are Voo ;v
unaffected by carboxypeptldase and are inhibited by reagents Whlch attack
+ =SH. groups .. These'dlffeTenceS'Suggest the ex1stence'of two«dlfferent' 5,;

mechanlsms of actlon_and there have been a large numbet of studles addre551ng
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Lf themselves to the questlon of the mechanlsm of the aldolasevreactlon and. *
‘f theldlfferences,between the‘two grqups. (For a rev1ew see Mbrse and ot
h-Hbrecker 1968) . T - I y 'd‘éaﬂj¥ikhhw* |
. For ‘the yeast enzyme Rutter (1961) glves the folloW1ng kinetic con-t . '&
hstants : _' f .‘j o . 51\" o f*'Aﬁ“ o :"’w f :»‘djlﬂfrﬁ
| K .(FDP) = 3 = 9 x710’41\/‘[:' Y= _830d e e
K - (oHAP and GAP) 2.x 10 3M LT e
“An enzyme of the class I type that might deserve spec1a1“ment10nvlslu | ..1inu
“that from the therm@phlllc bacterla (Barnes et al. 1970 Suglmoto .and . f; b f“
Nosoh 1971) Wthh\IS both actlve and stable at hlgh_temperatures ‘ | ‘Q
- The follow1ng thermodynamlc constants for the aldolase reactlonvwere“‘:fyfdf,hf
 compiled by Rutter (1961):" - o '”ff-' I ",t. . o d-5 : 't'f*rﬁ,"ﬂ
| “ . ; ".h' | ‘ AG°(ca1/mol) AH°(ca1/mol) AS°(ca1/dec mol) R
FDP.—— DHAP + GAP S 5580 _' 13 00 . “2;4'f o
Keq ‘8.1 x 10°M (30 ) 4‘
F-1- P ——9 DHAP +, glyceraldehyde.- 7886v | t15;000' ; | w 1?23:“ R gt

Recently, a number of studles have addressed themselves to the

. elucidation of the prlmary structure of aldolases from Varlous organléns;fﬂ f
espec1a11y around ‘the actlve center.. (See for example Horecker 1971 )
’Guha et al R 1971 Tlng et al 1971a and 1971b La1 et al., 1971; La1 |
-and Oshima, 1971 Jack ‘and’ Harrls, 19%ij . L hf'w; ,f{~;':hhﬁje/‘:t;k:¥§

Rabblt muscle aldolase has been' 1nsolublllzed by Bernfeld et al. " :?“?‘;

- (1968) by 1mbedd1ng it 1n polyacrylamlde gel In this work only about one - e

fifth of the proteln frxed remalned enzymatlcally actlye and the authors o

suggested that only- the surfaceabound proteln,retalneduactrvlty. AT ”;ffd

. !
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carbon reductlon cycle. It is thought "to be a regulatory enzyme 1n both

[N ¢

.ithese systems and as such has been exten51vely studled 1n the past few

! ";;H‘-

“years. To summarlze 1ts propertles in Just a few pages 1s therefore\a very

dlfflcult task Pontrem011 and Horecker have recently (1970 andd 971)"»'

: J ,wrltten two detalled rev1ews on FDPase w1th numerous references ,and“ the "

o f‘present summary 1s based mostly on these rev1ews and the work publlshed‘

5
e, ot

“j;:i‘551nce that trme. Thls more recent work w111 probably requlre a re evalua'

og,ywas extracted 1n a form'w1th max1mal¢act1v1ty above pH 9 0 e

et
‘, .

rlall the molecular studles were performed on thlS ”alkallne” form of the‘

i sy o ) S B

“isenzyme. In 1971 however two groups of 1nvest1gators u51ng new purlflca-

" “tion procedures, succeeded 1n 1solat1ng FDPases from rabblt and cow 11ver
"respectlvely, whose pH optlma closely resembled those of the crude extracts
and whlch_could therefore represent the natxve‘form :

e

*.'Abbrev1at10ns 'FDP: fructose 1 ,6- dlphosphate, FDPase fructose 1 61,*at
' dlphosphatase SDP; seduheptulose 1, 7 dlphosphate SDPase seduheptulose
‘1, 7 dlphosphatase. Lo o . v it

t . N L “ \ . ‘__.' . : ',“
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With regard to its spec1f1c1ty, FDPase from mammalian sources 1is
almost equally active with SDP as substrate and the two activities appear
to be inseparable. In contrast, some organisms have two distinct protelns
performing the hydrolyses of FDP and SDP, respectivély. It would probably
be of advantage for the purpose of our broject to use an enzyme which

can catalyze both reactions.

_ f} Mammalian FDPases

A, Liver FDPase

1) “"Alkaline" - see reviews by Pontremoli and Horecker (1970 and
1971) .
Specific activity-of crystalline preparation = 19.5 micromole -
'FDP/minm‘mg protein at room temperature; pH 9.1, 1 M MnClL,.

~ Requires divalent cation: Mn*? 2o

or Mg
With_Mn+2'the enzyme has little 'or no activity at neutral bH
and maximum activity at pH-9.0-9.2. With.Mg+2 the pH optimum is
strongly inflqeneed byvthe concentration of metal and the presence
of chelating‘agente, e.g. imidazole.“
The enzyme;hydrolf?esﬁbotﬁ FDP. and SDP, the latter at about 70%
of the rate fey FDP. Ihe-affinity forrSDP~is however considerably

lower than that for FDP A mumber of other mono- and dlphosphates

‘tested are inactive. - Some typ1cal Llnetlc constants are:

4.3 x 10 © M (pH=9.1, Mg 2y

6

Rabbit liver: K (FDP)
| | less than 1070 M (pH=7'.'5,'Mg+2) |

2.6 X 1070 M (pH=9.1, Mn*2)

less than, 1070 M (pH=7.5, M4

"

(Pontremoli, 1966).
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Rat liver: K_(FDP)

i

12x10 (pHgo)

K (SDP)' 3x ¢ 1074 (pH=9.0Q)
~“(Bon51gnore et al 1963)
At hlgher FDP concentrations, the substrate becomes 1nh1b1tory;

Thus:, ‘at 10 -3

M FDP the rate of hydroly31s is about 50% of the
optimum rate, This substrate inhibition is observed:only in the.
neutral pHQrangem'4 | | |

‘FDPases are typically inhibited by‘AMP; a phenomenon which is
assumedvto'piay~a role ‘in the physiologieal regulation of gluco-
,_’neogenesist the ratio of AMP/ATP is thought to regulate the rela-
tive rate of‘glycolysis.and gluconeogenesié via' their effect on |
phosphofructokinase and FDPase, respettively‘ Again, the inhibi-
tion by AMP is‘apparent mostly_in‘the neutral pH range;

K; (AMP) (rat liver) = 1.1 x 1074

at pH\7.3,
N AMP is a noncompetitive inhibitor and is believed to act at_.
~an allosteric site. It has been shown forlthe liver enzyme that
the lowered inhibitory effett"above pH 9.0 is not due to a lower
| affinity of the enzyme for the inhibitor. The enzyme can be de-
sensitized to the AMP inhibitor by a'number of treatments, without
loss of catalytic activity. These very interesting étudiesf
1nvolv1ng selective modlflcatlon of the protein by various reagents,
" are reviewed by Pontremoll and Horecker (1970 and 1971) and should
~ 'be useful in futureilnsolublllzatlon and stablllzatlon‘studles.
_Aleo of interest should Be the studieS'pertaining‘te aetivation“of
the enzyme by disulfide reagents; theSeAincrease’the‘actiyity'of

~ the enzyme in the neutral pH range Thus, in the presence of

hcmocystlne the specific activity at pHr7 5 Is 40 units/mg proteln,
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: R ‘. . : _‘ L, Ll'..“
or twice that at alkallne pH under normal condltlons R
il

' With regard to stability’, - Pontrenoli (1966) states that the = ﬂ:wT‘;Qﬁ
: .‘enzyme‘Can,beustored.for months ln‘the‘cold Wlthout loss of .
_1act1v1ty, | |
The rahblt 11ver ”alLallne"‘enzyme has bBeen eetlmated to have
a molecular welght of about 130, 000 and is made out of a, total of
~ four suBunlts w1th‘two types of polypeptlde chalns of molecular
- welghts aBout 29,000 and 36 000 respectlvely In support ‘of the ifﬁf;f?

'phy51cal dlssoc1at10nrexper1ments tvarlous llgands have been S e

found to have four blndlng 51tes per molecule of prote1n

‘ x‘ " L O, k}'
. . S . . ‘,}‘ p Lo N S ) L

'2) UNeutralt h ‘;ﬁ '~“,f t'w f:”_f.f

Tranlello et al (197lb) and Byrne et al (1971) have succeededf' )

',4

.”1n_pur1fy1ng from rabblt and b0V1ne llver respectlvely, FDPases }”“

w1th.opt1ma1 act1v1ty at neutral pH probably represent1ng the

.o

natlve forms of the enzymes In v1ew of ‘these studles,‘lt now |

,appears that prev1ous purlflcatlon procedures led to a proteolytlc
modlflcatlon of. ‘the proteln, whlch,was respon51ble for the Shlft 'T:;ofhbﬂ?ﬂ

‘from a neutral pH optlmum in the crude extract to the alkal1ne

t
'
R

.optlmum in the .pure preparatlon
. The "neutral" rabblt liver FDPase (Tranlello ot al ﬁlé7l)'ha§ff' -”ﬁ”Vﬁ“F

lra molecular welght of 143, 000 (Vs 130 OOO for tne ”alkal1ne”)

and * pHioPtlmum of 7. 0 - 7. > with both magne51um and manganese R i
hlons" o '. EERC T SERREE ; ‘ 'v i.,l,
o (FDPL = 2 107 31 (He7.5, with ') o Q
= 5x 107> M (pH=9.2, Wlth,Mg 2 . , . w:u, e
Specific activity = 14.6 micr°m01e~FDP/mln4mg pTOteinﬂ‘.- ~‘”f;:"¢*lﬁ'f
N SRR



’,. v , a
0.4 mM DR mhlblts the énzyme act1V1tY about 50° Thig =+ " 4
effect is: observed only in the neutral -pH. range ’ :df;'*fﬁhiﬂpfldﬁwfkﬁi;'ﬁ
The catlon requlrement for ”neutral” FDPase 15 l 2 mM Mg *2 ‘hvi.:hql S

or 0. l 0 2 nmihhl . ,At hlgher concentratlons Both catlons become _.'
,1nh1b1tory hy ZO -30%. _ . - "d ~-". | _i : ”i V{H‘V,'d

Neutral PDPase is more sen51tlve to 1nh1b1t10n by AMP than

-4

: ’avlkallne FDPase. . 10° VM‘AMP is totally 1nh1b1tory. e o g

In the case of | the bOV1ne hepatic FDPase Byrne et al (1971)

succeeded 1n keeplng the ratlo of act1V1t1es at pH 6 5. and 9. O

‘L,‘ri‘ Ly ‘

nearly constant throughout the purlflcatlon procedure They ob—»" “,ll';V g
"talned a. preparatlon, homogenous by several’ crlterla of spec1f1c“d:f; “h.ﬁff
3act1v1ty 200 ”unlts”/mg protein’ at pH=6.5 and 130 ”unlts”/mg pro— _f:wwﬁﬂlﬂg.t

;tteln at pH=9. 0.~where a "un t“ 1is deflned as the amount of enzyme, L ”ﬁ{ff
o cata1y21ng the 11berat10n of 1 0 mlcromole P; 1n 30 mlnutes at: 37° :

The molecular welght of, thlS proteln.was about 130 000 o h“ FEURRCN

B. Kidney FDPase ;J"”"-J“ 'J'“i' : ;‘ h’f“" L ‘“Tg,;f»

"Mhy be the 'same proteln as the 1lver FDPase “(see Pontrem011 and 3‘17'f3ﬁ}$ﬂ§

vHorecker, 1971)

C. Muscle FDPase (rabblt) R . ; ;.
Acts on both FDP and SDP Is very sensitive to AMP imhibition:: =~ .+
7 . . ‘ ;:"‘I ‘l,

'Thus, 1.3x 10 M AMP 1nh1b1ts the activity by'SO%'at_pHA7ﬂS} SDP : ;wﬁﬂé;f
' hydrolySis is'ten~timeefle551sensitive toAinhihitionfby‘AMP@v: J“hﬁj«;ﬂ s
‘ . _5. , , :

’The maximum’rate .of FDP hydrolysis at pH'7 5'is 2. 5-x‘10 M.

‘ ngher concentratlons of FDP are 1nh1b1tory The afflnlty is lowerh s

. at pH Q,Zm For SDP K = 0.1 mM.at pH 7.5 .
I =1nMatpH93 |
“The_moleéhiar'weight is 133,000, e U e



“II FDPase from Candlda utilis |
Thls 15 an example of a specific FDPaseq‘ it doee'not'oaféiyze tﬁe*‘
hydroly31s of SDP‘ The 1atter function 1is performed by a separate enzyme
: whose prOpertles will be dlscussed below. » |
A new purlflcatlon procedure for the Candlda FDPase was recently
descrlbed by Tranlello ‘et al (1971 a) - The properties of thls‘preparétionf;
‘are summarized below. An older preparatlon (Rosen et al l966) appearefiJ
to have fairly similer characterlstlcs. ‘ | | - S
- Molecular welght'- 130, OOO | Tetramer. o Vﬁ!ﬂd
Spec1f1o act1V1ty 73 mlcromoles F6P . forn@d/mln mg proteln .
GWg , 227, pH )l‘.' )
"me1mum act1v1ty of crude extracts at pH 8 3 - 8. 6.
Max imum actlvityfof purlfied-enzyme‘at pH 8 6 - 8 8.
EDTA increases act1v1ty but does not change pH proflle .
'. K (FDP) = 0 8x 10 M at e1ther pH 7.5 of 9.2 (Mg and 0. 1 mM EDTA)
Substrate concentratlons above 0.1 mM are 1nh1b1tory ‘

Inhlblted by'AMP and actlvated by dlsulflde reagents

The enzyme solutlon is stable for several months at -20°.

,‘IITﬁ SDPéSeffrom Candida utilis

(Traniello et al., 1971 a). L a

. Molecular weight = 75,000. Two subunlts L 7.-*‘n ‘r.ﬁ. o 7  d‘.

Specific activity = 11.5 mlcromoles P released/mln g . proteln _”ii' L

(pH 6.0, 37°). 1’qw”;'\ :”ﬁ“‘hvf

.proptimum 6.0 (both in crude extract and purlfled preparatlon) R

K, (SDP) = 1 mM; higher concentrations of SDP not 1nh1b1tory
. oAMP‘not inhibitory: at 3 mM. Metal ion not reqplred Not modified

N . .
i . . : ‘

¢



, "thought to be the one part1c1pat1ng in photosynthe51s

: .by-dieulfide reagents. Inactive with:a,number of otherfphosphateswhlf~

'tested,'including'FDP..‘ I Loy

IV' FDPases from Other Mlcroorganlsms

- A number of other FDPases are rev1ewed by Pontrem011 and HOrecker h

,‘(1971) More recently, a report by Yoshlda and Oshxma (1971) descrlbed

- the partial purlflcatlon of the enzyme from a- thermophlllc bacterlum

4,

This enzyme malntalns 1ts allosterlc propertles at 70° and is otherw1se

similar to other FDPaseslwlthﬂalkallne pH;optlmum.

V. Plant FDPases

'vb

Plants appear to have both an “alkallne” and a “neutral” FDPase (see
brev1ew by Pontremoll and Horecker 1971) and the ”alkallne” enzyme 1s ‘. s

In v1ew however, 0

‘of the accumulatlng ev1dence 1nd1cat1ve of the dependence of the pH

A}

- .optlmum of FDPase on extractlon condltlons, 1t is hard to evaluate what

the real s1tuat10n mlght be 1n the 11V1ng plant espec1ally as Prelss et

al (1967)‘have‘shown that the pH optlmum of the'so=called Ualkallne”g j ﬂ_w

enzyme from splnach leaves is strongly dependent on' Mg +2 concentration

. Thus, at 5 mM MgCl the pH optlmum was about 8 5 and negllglble act1v1ty
.. was observed at pH 7. 0 but when the MgCl2 concentrat1on was raised to - .-
40 mM, the pH optlmum sh1fted to 7.5 and 40 of thls act1v1ty was found

..even at pH 7. O Co

As an example of a plant enzyme the FDPase from Euglena grac1115

(App, 1966) has a pH optlmum of 8.25 K (FDP) 3 X 10

72. = 128 mlcromole P llberated/mln.mg

ratio of 20-25); Spec1flc actlvlty

proteinn It oan.be stored for months at ﬂZOf?'pHA4r95,‘c1trate‘buf£er;:]3

M (at a Mg /FDP tb:'a«




The questlon of whether the FDPase and SDPase functlons 1n photosyn— |

the31s are performed by the same proteln appears to be st111 unresolved".uy
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GLYCERALDEHYDE 3 PHDSPHATE DEHYDROGENASE ' R O

; ;'r o

CReactlon.17)

T, The Glycolytlc Enzyme .,”w

Glyceraldehyde 3 phosphate dehydrogenase (GPD) has been.exten51ve1y

h studled but mostly as the enzyme part1c1pat1ng in glycoly51s, D- glyceral- h
dehyde-~ 3 phosphate. NAD ox1doreductase (phosphorylatlng) E. C 1 2 1 12 T
ThlS enzyme catalyzes the" reactlon ;' j, o ‘;~"'ﬁ:, 'NM; oo

, D-glyceraldehydeTS#phosphate.+,P o+ NAD" —A 1, 3 dlphospho D- glycerlc f_cw“ﬁuh?ngh
o acid * NADH + H . '

~ or;'if phosphate is replaced by arsenate: s
D- glyceraldehyde 3 PhOSphate + NAD+ Aarsenate, 5. phospholecerlc ac1d f_‘jﬁ'{ﬁ %
.+ NADH + H© ERETRE

A Comprehensive review‘about this enzyme is that’of Velick*and Fur%,‘

flne (1963) The follow1ng is a brlef summary of the avallable data:

Kl PR Lot ey . \,"

' GPD from a number of sources has been obtalned in crystalllne form
Typical preparatlve procedures are descrlbed by Allison (1966).

Molecular weight}estimates for the enzyme from various sources are in .« = %

i

the range of 120,000 to 140 OOO

‘;‘.‘ Lo o Com

The enzyme is relatlvely unstable in solutlon but qu1te stable 1f

~ stored as crystals in the ammonium sulfate mother 11quor in the cold

The stability is rmproved by the presence of EDTA, g-mercaptoethanol: and hty;&wtflgf

by the addltlon‘of NAD (evencthoughrthe crystals contaln already varlable

amounts of strongly complexed NAD) .

Ty

The klnetlc constants are dlfflcult to obtaln because of thelr low ‘

values and because of product 1nh1b1t10n For the "reverse" reactlon,

i.e. for the’ reductlon of P-3PCA, Purflne and Vellckc(1965) determlned the rﬂ;'~71'14



hES

=TT -

follow1ng values, at pH 7.4, 26° for the enzyme from rabbit musclé: ﬂ{;fnﬁ‘ o
~Substrates: NADH »==-=- K = 3.3X 10. oy S e "‘;':‘g'nve:‘.“l"'
PR3PGA wom K. = 0.8x 1070 M | |
IrﬂlibitorSI . NAD T«-.m.—‘w-—‘.\v <Ki» = 1.0 X 10—4 M . ' S , v‘l."‘ o \ .”"u"" ‘l\ .
GA1d3P ~--- K, = 6.0 x 107 M ‘- D

Voax for the reaction in the direction of reduction, at pH = 7.4 is

_given,as'14,900"minfl (presumably meaning-moleS‘of'PESPGA converted per:.
. mole enzyme per minute). The same. authors calculate V, ax i1 the oxidation . LT
. reactlon.to be 22,000 min 1, at pH 8.6. However, Alllson and Kaplan (1964) g .

i

glve the turnover number for thelr Crystalllne enzymes from a varlety of

sources, at pH 8.5, as 2300 moles NAD reduced per mole enzyme per ‘min.

;i:The source of the dlscrepancy.between these mumbérs is not clear.\ I “"V_dﬁf'
, | :‘ ‘ _“. «L]; :g“yw,
II. The Plant Enzymes e
Inrthe greenrplant the enzyme part1c1pat1ng in the photosynthetlc | -
B sequernice is: assumed to catalyze theé follow1ng redction; | - - . . . w7

l,BﬂDlphosphoglyoerlc acid +‘NADPH,+ H = D*glyceraldehyde~37P‘+;ut*a'rﬁrvhyf
| | - NADP + P; |

ThlS is the enzyme D- glyceraldehyde 3- phosphate NADP ox1doreductase

| (phosphorylatlng) - E.C. 1 2. 1 13.

L—_— . !
R P L
T N

Green plants also possess an NAD- llnked act1v1ty, present in nonphoto-,,y

sYnthetlc tlssuesw Also, accord;ng to some researchers (see Hageman and RS SRR

Arnon,‘19551 a?second‘NADflinkedﬂactiyity~existsfinrphotosynthetic“tissueSaiv_5~15*'~

L Y E

e More Tecent reports however, indicate that the~NAD: and NADP?linked

aot1v1t1es of green tlssues may: not represent two dlStlnCt protelns (See :

Schulman and Glbbs 19683 hblandrl et al. 1968)
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Schulman and Gibbs (1968) purified the' NAD<linked actiyity of pea
seeds and the NAD- and NADP-linked activities of pea shoots}an&rfound the ' .

-f011owing kinetic constants,'in_the.direction.of.reduétioﬁ,of P-3PGA, at

pH 8.5: | .
. Pea seed (NAD-linked): . P-3PGA ---- K = 4.45% 1075 M
L | CNADH  ---- K;m -3.2x 1070 M |
Pea shoot.(NAD—linked); : 'H"P-.BPGA Km = 1.:57'x 107% M
- NADH ---- K= 8.0 x 107 M
Pea shoot (NADP-linked): P-3PGA ---- K = 1.14 x 10°° M
NADPH ---- K =4.0x 1070 M

The Ymax values are not given.

The low Michaelis'constants are quite similar to those of the NAD-
linked muscle enzymes. Also, in.accordance to the-fihding in thé moscle
' énzyme the NADP‘enzymé contains strongly boand aucleotide Sedoheptulose—-
7- phosphate and- sedoheptulose 1 7-diphosphate were found to- 1nh1b1t com-
petitively the_ox1¢at10n of G-3-P by both plant enzymes. The 1nh1bition
constants fof sédulosé.diphosphate aret

2.08 mM

Pea seed (NAD-1inked): Ki =
Pea shoot_(NADrlinked): Ki‘= 1.31 mM
Pea shoot (NADP 11nked) Ki-= O 6 mM

In a recent abstract McGowan and G1bbs (1971) state that the mole-

~cular weight of the chloroplast enzyme lS 150 0QQ.;

Since the yarious propertles (51ze kinetic constants) of the . glyco-
lytic (NAD-Jihkedl_and,photosynthetic-Iprohably“NADPwlinkedl enzymés are:'
Vefy simila,r.g it appearS“thataéithar would be eqpallp;useful for;anhihdus;'
trial process, unless one enZyme'provesito be more easily insolubilized

lana staBilized than another. waever,lif the system Is to use a‘férredoXin=



11n1<ed process, for regeneratlon o;E reduced pyrldlne nucleotlde .as 1s done T

'w'.

) 1n the chloroplast tﬁen the use of a NADP enzyme would 'be advantageous, :

./ | . S

o smce the K for ferredoxm reductase is 400 tmes lower for NADP than for A

ONAD (Shin and Armem,1965). . %
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_iphosphate Dehydrogenase", J B101 Chem. 239 2140 (1964) |

. C. S Furflne and S.F. Vellck‘ “"The Acyl enzyme Intermedlate and the e

_yK1net1c Nbchanlsm of the Glyceraldehyde 3: Phosphate Dehydrogenase W

"Reactlons , J.'Biol. Chem 240, 844 (1965) ' (RREES ﬂ]fﬁﬂ"@

.« M. G1bbs ”TPN Trlosephosphate Dehydrogenase from Plant Tlssue ,
p. 411, Academlc Press New York 1955 4 ‘

R.H. Hageman_and D I Arnon "”Changes in Glyceraldehyde Phosphate R

- Dehydrogenase During the Llfe Cycle of a Green Plant“ Arch. Biochem. L
, Blophys 57,421 (1955) AR e R

33, 160 (1968).

',Tlssues J B101 Chem. '217,. 361 (1955)

,:1n_The Enzymes. (P.D. Boyer, H. Lardy and K. Myrback, Eds. ), second S 'i'hfﬂ
" edition, vol. V, Academlc Press, New York and London, 1963 Come e
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PHOSPHOGLYCERATE KINASE e
(ATP 3 phospho-D glycerate l Phosphotransferase E C 2. 7 2. 3) ' 'xllf“f?“'“

CReact10n.16) . oL et . ,hﬂ

L ! ,' gt "!- I s [ L
‘h"‘ .

ATP + 3 phospho-D glycerate _— ADP + 1 3ﬂd1phospho -D- glycerlc ac1d
Coseh L RBPGAL ”

In spite. of the lmportance of phosphoglycerate klnase (PGK) in both d“ E \lfﬁ

glycoly51s/fermentat10n,and.photosynthe51s not too much_ls known about

the enzyme at the molecular level Only the enzyme from yeast appears to f‘
“‘a

have been.obta1ned in hlghly purlfled crystalllne form (BUcher 1955)

) Axelrod and Bandurskl (1953) and Rao and Oesper (1961) have descrlbed

o

'uartlal purlflcatlon of the enzyme from pea seeds and rabblt muscle,

. respect1vely | L ' _' | .‘ S fi .‘;f‘A {
| Larsson,Raznlklew1cz and Malmstrdm (1961) estlmated the moleculatw “Eit : ;ﬁ
welght of the yeast enzyme to be 34 000 The enzyme appears to be fa1rly' R
'stable (cf Teview by Malmstrdm 'and. Larsson RaznlkleW1cz, 1961) gﬁf#isviggf,‘;fggg

' necessary for enzyme activity but Mn *2 can substltute for Mg +2 to‘a cer:lf “.?M?
tain extent ' hj_:‘ Jll‘; “i;‘hwud ,Hi‘.:/, '”f ":.Dth--"i.qﬁi“ej' 'ﬁf‘ﬁ:ﬁh

In. their rev1ew Malmstrdm and Larsson Razn1k1GW1cz (1961) point. out,‘

i 'R

.est1mate and that COnsequently, the numbers appearlng in the 11teratureg st

are not too rellable The ava1lable data for the reactlon 1n the dlrec;,‘ {f: A
" tion of the phosphorylatlon.of phosphoglycerlc ac1d are summarlzed in ',J?*ff o
Table I'.. The turnover number for the enzyme catalyz1ng the reactlon 1n

this d1rect1on was estlmated.by Bﬂcher (1955). to’ Be 36 000 moles/mln.x lO gﬂ Y

K

enzymes which. for a molecular weight of 34,000 means 12,240>moles.PGA ‘;'|J'.

Lo PR e Ty
. | .
R r,' : . ,:L




T
L

converted/min x mole enzyme. S RIS | ;
Kéq =%ﬁ%§] }gél;]GA ~=3.2X% 107 (Bﬁc‘}wr',”l;QSSl
(at pH 6.9, 25°) " R Lo

According to the data of AXélfbdarid Béndulrski (1953) thé enzyme - R
from pea seed apée":i‘rs', to have abroad pH optimum between about 6.8 - 10.
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PHOSPHORIBULOKINASE
(ATP D- rlbulosews phosphate 1 phosphotransferase E. C 2 7 1. 19)

CReactlont341

RuSP o o | WRuDl?"’
Phosphorlbuloklnase like rlbulose dlphosphate carboxylase is an
'nenzyme spec1f1c to ‘the Ca1V1n,cyc1e It has not been very exten51ve1y
'1nvest1gated '

Phosphorlbuloklnase has been purlfled from splnachtby Racker (1957)

and by Hurw1tz et al. (1956) (See also Hurw1tz 1962 ) If the spec1f1c

’ act1v1t1es of the two preparatlons are expressed in the same unlts, then ‘>u{

the Value for Racker s enzyme is 90 mlcromoles RuDP formed/mg proteln min hhtvth'7f

. Vs. 15.5 mlcromoles/mg.mln for the preparation of Hurwitz et al. (1956)
' However, since the assays used were dlfferent the Values are probably not ff

dlrectly comparable There is no doubt though ‘that Racker's crystalllne

"*'preparatlon is the purer of the two. : f; \vb ‘H?ﬂ - :f-(ﬂ

Propertles.
‘ pH optlmum 7.9;

yal e

" Sensitive to reagents modlfylng SH groups Shouldfbe stered‘in'»

the presence of SH_compounds

K, (RSP)
K, (ATP).

22x10 Yy

-4

2 1~X 10 " M.

4]

'Requlred a dlyalent cat10n~ Mg Z’is the mdst"effeetiVe‘and'shows-
max1mum.act1v1ty at’ Sﬂx 10 3'M' -




. ] 1 r
MOre recent studles on phosphorlbuloklnase are concerned malnly w1th
) ¢ e ’.","W L Y "‘:“' Y

its p0551b1e regulatory\role (See rev1ew by Prelss and Kbsuge 1970)
| There 1s~st111 some dlsagreement as to whether phosphorlbulokln;ee o jf“‘ rr"
‘and carboxydlsmutase occur-as a multlenzyme complex (éee MacBlroy et al., ‘ o
l968a and G1bson and Hart 19691 ’ R ‘ { L '*f_ ] &; .”ch"
| For the enzyme 'from’ Chromatlum; Glbson and’ Hart (1969} determlned an .

‘approximate'molecular'weight of 240,000. o S n‘af-%fﬁ‘f“i,~
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10.
11
12.

13,
- Ribulose- SﬂPhosphate Kinase in Rhodopseudomonas Apher01des b Blochem
' Biophys. Res. Commun: 36, 357 (1969) ' :

Cycle Enzymes ln Chromatlum strain D” Blochemlstry, 8, 2737 (1969) ..

R.D. MacElroy, E.J. Johnson and M K. Johnson "Control of ATP Depen—

‘E. Racker U~The Reductlve Pentose Phosphate Cycle T Phosphorlbu- ,
" “loRinase and Ribulose Dlphosphate Carboxylase” Arch Blochem BlO- '
. phys.. 69 300, (1957) ' e
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RIBOSEPHOSPHATE. ISQMERASE.
(D-Ribose 5-phosphate ketQ1~isomera§e'a E.C. 5.3.1.6)
(Reaction. 33) |
Ribose-5-phosphate isomerase catalyzes the interconversion of ribose-5-P

and ribulose-5-P;

HC=0 | | H,COH
(f 2]
HOOH B . C=0
HOOH — - HboH
HCOH | HCOH.
H coO H2é0®
RSP ’ . RuSP

:The~enzymé participates in both autotrophic and hetefotrophié'pentose
metabollsm The isomerase has been purified to various degrees from a number
of sources, but there have been rather few careful studles of the protein af
the molecular level. Probably the most thorough study of this kind to date
is that of Rutner (1970) onlthe.spina;h enzyme. An interesting question
concerning this enzyme in plants is whether there are one or two species
.preseht. Rutner (1970) obtained no evidence of more than one protein in
spinach. 1In contrast, Anderson (1971) reports the existence of two ribose
isomerase species in pea leaf - one cytoplasmic, one from the chlordplast.
The enzymes are very similar in all properties examined except their isoelec-
tric p01nts whlch,dlffer by 0.2 pH\unlts From a metaﬁoliC'point of View
the observation of the ex1stence of two rlbosephosphate isomerases in the
heterotroph, E. gl__l_, QDaV;d. § Nelsmfeye.r? ‘,19..‘70_]_ ;5; also 1nfc,erest,1ng .

Table I summarizes, the_ayailable data for the isomerase and its reac-
tion. Where two numbers appear for tHe'speéific actiyity of the enzyme, the
one In parenthesis was recalculated on. the basis of Rutner's (1970) data for

molecular weight and absorption coefficient to make them more easily comparable.



- 890 -

There haye heen almost no studies inyolying the chemical modification of
the protein .and there is little said in the available literature about its

: staBIlfty\
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RIBULOSE DIPHOSPHATE CARBOXYLASE I

(3 Phospho D glycerate carboxy lyase (dlmerlzlng)? E.C. 4.1.1. 39) ixlggyo o

(Reactlon_ls)

D- rlbulose 1,5 dlphosphate + COZ 2 (3 Phospho -D- glycerate) i e

c 0 o HOC H | S S
o e _kon

, HC ~OH _ (EOO: , o -
i _ | T

. HZC_OP o ' ) o R HC OH : _;’;. ‘j ‘,v‘_‘!‘ *»

N H, s S S
RWDP L 3PGA o pw

* L. The Enzzme from ngher Plants S e '3_'. “[giwqfﬁ

Although,RuDP carboxylase 1s present 1n all autotrophlc and - chemo-

btjtrophlc organlsms, it has been most extens1vely studled in hlgher plants

,‘Here it is present as a component .of hlgh sednnentatlon COfolClent 1 flﬁ;v L
(about 188) const1tut1ng some 50° of the soluble leaf proteln For someqb;. | )

“}trme this prote1n had been 1solated and pur1f1ed w1thout its enzymat1c

role belng recognlzed and 1t was known only as'“Fractlon I Proteln

T

Later 1t became apparent and how 1t is almost un1versally recognlzed e '
' that ”Fractlon I Proceln" 1s the RuDP carboxylase of plants - . l ‘ o
: R T, KIS

As can be seen from the studles summar1zed in Table I, the molecular ‘
welght estlmates for the plant enzYme range between 4 8 and 5, 6 X 105 . '..:“W'fﬁli

The references given describe suitable purlflcatlon procedures.‘ »




S 7 : .
‘TABLE‘l;jMolecular:Weights'of'RuDP'CarboxYlasé?fTOm'Higher“ElantsfV‘”-gH”ﬂg'bf
‘ — B TR NI I IR PR
'Organiﬂm ' '"Molecular Welght_x 10 Reference R SR ‘ "rfﬁt
""""""""" by sednnentatlon,equlllbrlum)""""""‘ S e e
_ TSplnach_ ' o o 515 . Trown (1965) e R
_ Splnacht . - o ‘ ‘5,57' o . L Paulsen G Lane (1966)
_ Spinach Y 0 /- T ~ Pon.Q967) . - “', e
‘ Spinach.beetiw, o ‘5,61 . ."* o R1dley et. al (1967) g

| ' Chinese .cabbage . = .. ;LfS,ll j . ,vKieras.a.Haselkorn (1968)

Carboxylase preparatlons have been obtained in hlghly purlfled state, BT

as: ev1denced by chromatographlc electrophoretlc and'ultracentrlfugal - W:u:;;i;;
. analyses ‘ Recently, however Kawashlma and Wildman (1971) have succeeded b
"1n crystalllzlng the enzyme from tobacco leaves. The preparatlon which . ,

3 appeared pure by other crlterla nevertheless showed a hlgher spec1f1c 1¥‘iv‘w,"‘ﬁ~

act1v1ty*after crystalllzatlon. The authors suggested that some moleculeS‘”d‘ |

-1n,the mother liquor had undergone a conflguratlonal change whlch had led ? ‘Qu'f~w
to both thelr 1nact1vatlon and thelr 1nab111ty to crystalllze. :

The enzyme act1v1ty is hlghly dependent on magne51um 1ons- Reports

in the llterature dlsagree as to whether other cations can. replace Mg 2(

Varlatlon 1n.magne51um concentratlon leads 'to shlfts in pH optlma as’ well

~“as.M1chaells constants ‘as ev1denced by the data complled in Tables II

fand I11.

TABLE II.. Varlatlon of the pH~thnnum of RuDP Carboxylase R
‘ ) N Wlth Magn651um Ion,Concentratlon T

e Qrganlsm. }-‘Mgtz @ﬂﬂ)' EH_Optlmum ; j"’f, Reference PR
', Spinach’ - 1.8 o . - 8.5 Basshan et al. (19681 e
SR s I VA . " .f‘iwﬁ C o e

‘M.Spinach.‘. R R :8.5' : ‘Suglyama, Nakayama G o 1‘1”“:”ﬁ”;

' : o ‘ C Akazawa (l968*b1 SR S el

1 - 7.5

‘j:\\_;gg.;.N_.;,,_j,_,_lo,;...:.;_lu_'_'slsf.‘,e,,;...;.:.e.;._u;..“.
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”zyme is not H.CO3 but molecular COZ, whlch,would ‘mean that the real K _is -

| about 50 tlmes lower

o cause a generally unfavorable conflguratlonal change and; although the ~*

r,results are not ent1re1y clear thls work mlght be useful to the researchers ;ny
?,1(19641, Suglyama et al (1967 1968a ,d); Akazawa et al (1968)

' from soybean and 1n,another report these authors (Bowes; and Ogren 1971)
i 1nd1cated that the. enzyme is also 1nhlblted by a numher of nucleotldes and

hi‘sugar phosphates most notably fructose dlphosphate ATP and NADPH Non-

“'As.can be, seen,from iable IlIifthe enzyne, has a rather hightaffinity

b 'for RuDP but a Very low:one for HCO « Eyen. at saturatlng blcarbonate
»concentratlon, V is only 1340 moles CO frxed/mln_x*mole enzyme at, 30°

' ”F(Paulsen,and Lane 1966) -Since in the lrv1ng plant the concentratlon of

C02'15 -eyen, smaller, thlS feature of the enzyme has posed a dllemma as to o -

B hDW‘lt can.functlon eff1c1ently in vivo. Recently, there has. been an 1nd1—

e,catlon (Cooper et al. 1969) that perhaps the real substrate for the en-

RuDP carboxylase appears to be hlghly'spec1f1c rlbulose S-phosphate,

” rlbose 1,5- dlphosphate and other compounds tested (Welssbach et al , 1956)

* could not replace RuDP., - CR ".’ e .'x~;vdﬂ ,"f“; o

. Phosphate and sulfate 1ons and PGA are 1nhlbltory w1th K‘ s of about

‘ ”Jﬁ'4 mM 8 mM and- 8 9. mM respectlvely (see Paulsen and Lane, 1966) RuDP

]

:Ibecomes 1nh1b1tory at. concentratlons hlgher than 0.7 mM

Reagents that attacktSH.groups are strong 1nh1b1tors of the enzyme

- '

L A number of studles have addressed themselves to the quest1on of. whether ‘

;o SHigroups are. dlrectly 1nvolved in: the b1nd1ng of RuDP to. the enzyme or , f.{,_‘

4'attempt1ng to achleve 1nsolublllzat10n of the - enzyme Rabln and Trownj

Ogren and Bowes (19711 have shown' that: oxygen 1nh1b1ts the carboxylase ‘

' phosphorylated sugars were not iphibitory. 'd', SN ,y{“,vryi e
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“As far as the stablllty of the enzyme . 1s concerned Trown (1965) has
“‘shownzthat reduced glutathlone 1 O.M sucrose “and 0. 05° Trlton (a non-
1on1c detergent) protected the enzyme from splnach agalnst deact1vat10n R
In contrast the- 1on1c detergent sodlum dodecyl sulfate rapldly destroyedé#a;
its’ act1v1ty Kawashuna et al. (1971), using a crystalllzed preparatlon L
'of the tobacco enzyme made the 1nterestlng ohservatlon that whlle the d'h f’; fi,Vf
spec1f1c act1v1ty of the enzyme did not change durlng 12 days at Toom ;Ft' :.:'llﬁﬁf}
temperature if the enzyme was stored at 0° it lost 70% Of-ltS act1v1ty'in‘ ;“‘ji;_ ;
one day; the act1V1ty of the cooled preparatlon could be restored by ‘;‘ 'f;‘t
‘heatlng for 20 m1nutes at 50 C. That the enzyme is qu1te heat stable is \1jjhf.',¢7l
" also indicated. by the fact that one. of the, standard purlflcatlon.proceduree#f{dgwid
(Racker, 1962) “inyolves heatlng the crude preparatlon at 80° “then | 60° {JJ'» pr '

[

| ;4Racker (1962) also recommends a protamlne chloroform treatment durlng

o extractlon of the enzyme purported to 1ncrease its stablllty and stresses

the fact that the enzyme is: unstable below pH 6 and. that therefore pH'

1'hfbelow neutrallty should be av01ded during- purlflcatlon o 'fq* :

Two other 1mportant areas of research,concernlng the plant carboxylase,;a
should be. mentloned although a more, detalled descrlptlon of the flndlngspu:a;‘f‘%ﬁﬁ
would be beyond the scope of the present summary. These areas are: fia..l ey

1) Eluc1dat10n of the: subunlt ‘structure of the proteln The ~@: "hf'h
reader 15 referred to the f°110W1ng Papers Rutner and Lane ‘ d
C1967) Suglyama and Akazawa (1967 and 1970) Suglyama; w:‘a;ilyaupy;w‘ﬁ
Matsm“"to and Akazawa (1970) and Moon and Thompson @omy. L

2) Studles ontthe actual mechanlsm of the enzyme Pon,et al’s

- (1963), Akoyunoglou and Calv1n.(1963) Trown and Rabln (1964),,“.I
Mullhofer dnd Rose (1965) ; sthnlchaet al. (1969), Cooper. et .
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IT. The Enzyme from'Mlcroorganlsms o . lﬁ

There have been a mmber of 1nyest1gat10ns of the RuDP carboxylase

’ 1vfrom organlsms other than hlgher plants but none. as thorougheas some of

the work. sumarized above‘onetﬁe plant enzyme. Thenflndlngs in some‘of -
these studies are summarized in Table IV. ‘There appear to be a number‘of :
“dlscrepanc1es in the data, espec1ally in the papers from Akazawa 5 group,i
'lvwhlchedlsagree not only w1th.the flndlngs of others but also w1th1n thelr“
own. consecutrve papersta, |

B Perhaps the one p01nt worth strees1ng is the lower molecular welght'

of the enzyme frompthe Athlorodageae, espee1al1y~Rhodosplrlllum rubrum.

~As the kinetic constants of'this~enzyme‘are approximately'the same as‘that' ‘
of the plant enzyme the smaller'molecular welght mlght present an advan-

tage for a p0551b1e 1ndustr1al process.
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RIBULOSEPHOSPHATE 3 EPIMERASE L e
(D-RIBULOSE-5- PHOSPHATE 3-EPTMERASE; E.C. 5.1.3,1)
”‘(Reactlon 321 - ? LA

GLOH g

L | 2
c=0 L0
HO=C-H: > ge-od o
| H-C<OH L H-C-OH
B o : R |
mCOR G
D-Xylulose 5-P =~ . ' D-Ribulose 5-P

XusP I RSP

There are but a 11m1ted number of studles avallable on rlbulose phos-jv
: phate 3= eplmerase.

The enzyme ‘was purlfled about 700 fold from Lactobac111us pentosus by

Hurw1tz and Horecker (1956) ThlS preparatlon had a spec1f1c act1v1ty of

s 345 ”unlts”/mg, based on an assay coupllng the eplmerase and 1somerase

";Q react10ns~ * XuSP —IL—§I§§9> Ru 5P 1§9E93§§9> R5P where 1. un1t was deflned :

" as the amount of .enzyme whlch formed 1 mlcromole RSP in 5 minutes (pH-7 5,

. 25°).' Thevenzyme had a pH optlmum between 7. O and 8 0. The max1mum reac;,

;!'tlon,veloc1ty was reached at a XuSP concentratlon of 1 6 X 10 0, and the o

-4

B K CXuSP) was, 5.0 x 19 ,M The equ111br1um constant for the reactlcn

q [XuSP]/[RuSP] 1 5 (at 25 ) The enzyme was stable when %tored 1n"ha
' the cold and was’ qulte spec1f1c : | | | ' ‘ o
* RuSP 3- eplmerase has also been purlfled from spleen (Ashwell and

;'chkman, 1957); the propertles of th;s preparatlon were qulte 51m11ar to

* those of the bacterlal enzyme above
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. For the yeast e-nzyme’v (Williamson and Wood, 1966), the moiecular

weight was determined to be about 46,000..
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TRANSKETOLASE
(Sedoheptulose 7= Phosphate D Glyceraldehyde-sﬂPhosphate Glycol Aldehyde

Transferase E. C 2.2. 1 1)

(Reactlons 28 31) N »;'hffaﬁ jfﬂ{utlxﬁ“

Fo o - | o
O . L T ) S . OHx v [N
| QHROH 1 * ~,(}Hzp o
Le=0 .1 CHO ¢=0 CHO
. HO-CH " '{ N HO*?& 4
v X L SR X . v————-—- - s K
‘ R" R*"
. “"donor ketose“~fiﬁacceptorsaldose”

- As is the case w1th a number of enzymes rev1ewed in the present re- p
| port, transketolase has been studied mostly as an enzyme part1c1pat1ng 1n
‘a degradatrve pathway; in thls case the pentose phosphate shunt (ox1dat1ve
-vpentose phosphate pathway] Therefore the data avallable once agaln |
'descrlbe reactlons whlch.are the inverse of those taklng place in ‘the syn-‘
thetlc, Ca1v1n cycle (reductive pentose phosphate cycle)
_Known ''donors" for the above transketolase- catalyzed reactlon are: |
‘ xylulose 5 phosphate fructose 6-phosphate sedoheptulose 7-phosphate,‘7w, e
. hydroxypyruvate, L- erythrulose D xylulose octulose 8-phosphate (see re- ?
v1ew by Racker, 1961); D- rlbose L 1yxose Dfxylose L arablnose (Vllla-:
- franca and Axelrod 1971) The only- requlrement appears, to be a trans ﬁﬁf:‘_“

conflguratlon at the 3 and 4 p051t10ns Acceptors 1nc1ude. glyceralde- (ﬁ :

- hyde 3- phosphate D erythrose-4-phosphate D- rlbose S-phosphate formalde—:

| - -, hyde (when hydroxypyruvate is donor) glycolaldehyde glyceraldehyde D-

:deoxyrlbose 5 phosphate allose 6—phosphate glucose 6-phosphate and D- .

arabinosex5-phosphate.. . = .= . . - = b o ‘-fﬁ]‘h&,

Pew data on.the protein_are available at the molecular 1eve1,
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‘.-_et al. (1955) Srere et al (1958) Datta and Racker (1961 a and b), see . . .
~also rev1ew by Racker (1961) R '_ o . o v o
-» The spe01f1c act1V1ty of the crystalllne preparatlon of Datta and
4"‘Rac.ker C1961a) Wwas 24 mlcromoles/mm mg protem, with XusP arid RSP as
,('substrates at the. optimum pH of. 7.6. . The equlllbrlum constants for some.-;'
k Of the transketolase reactlons measured at . 25° w1th the crystallme o

. yeast preparatlon were:. (Datta “and Racker 1961a, Racker 1961)

Reactlon‘ ot eq ‘

xylulose 5~P + rlbose 5-p --> Sedoheptulose 7 -R x glyceraldehyde 3P 1.2

Xyiulose--SvP + erythrose-4—P —-=~ fructose—6-»P + .glyceraldehyde-—S—P, .10.3 . ',‘: j""

fructose-6- P + glycolaldehyde —-‘~ erythrulose + erythrose 4 P ‘ . '0.015 . i
The f0110w1ng klnetlc: constants were measured by Datta and Racker (1961a) ) | B
K (Xu 5 -P) in the presence of R 5 P Jv = 2 1 X 10 4 M . -
| K (F 6- P) in the presence’ of R- 5-p = '178 X 10 "S.M § -
L Km-(Equ.wP)_; in the presence of G-3-P ' =. 4.9 X .107’-3vM'?;,>l ,'
K, (R-5-P) in the presence of Xu-5-P = 4.0X 1014":M1 o L N |

. The molecular weigh't of"‘the yeast 'prep'aration Wae e'stimated to be-.i40 000. . - ‘.
Recently, Helnrlch and WlSS (1971a) reported that yeast transketolase 1s
_made of twe subunl,ts of ‘molecular 'we.1ght 70,00_0, The enzyme from ;feaet o : ']l

vreﬁqﬁires Mg+2‘ and thiami"n'e ;l)Sfrlehphbsphate' fof. vact1v1ty. Thlammer, thlan:me I 1
" monophosphate and thlamlne trlphosphate cannot replace TPP. Squate":(and":.‘ :
x, '}phosphate ions are 1nh1b1tory at concentratlons above 0 01 M.

- Transketolase has also- been purlfled from human erythrocytes (Helnrlch.“‘:, ‘

and Wiss, 1971]51 The preparatlon st111 contalned glyceraldehyde 3-p dehy-

drpgenase, Its spec1f1c act1v1ty was 2.38 mlcromole S7P formed/mln mg pro-“ .
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tein at 37° The ‘molecular welght was estunated to be 136 000 The K, v t:ﬁ;‘
f measured w1thcthe “pentose phosphate mlxture” (R 5- P + Ru 5+ P + Xu 5 P) | |

3'M No cofactor requlrement was found Metal 1on does not

was 1.7 x 10°
- appedr to be required and TPP 1s probably tlghtly bound to the enzyme.~v,?'Zﬁdﬁjihj§f

Sulfate and phosphate ions were 1nh1b1tory above 10 mM The pH optlmum

uh”was 7.75. |

Other sources from Wthh transketolase has been purlfled 1nc1ude‘ﬂ

.splnach.(Bon51gnore et al., 1962) and Candlda (Klely et al 1969) ’ .: f"ﬁ;;};
‘Studies on the mechanlsm of dction. of transketolase espec1ally w1th PRI

4regard to the functlon of the thlamlne pyrophosphate are rev1ewed by Krmn— ‘\'”. B

pitz (1969) S D I | -
The mechanism 1nvolves a two reactlon sequence 1n whlch the 1nter-t‘

- medlate is tlghtly bound to the enzyme In the flrst reactlon the keto p'“f“\'h';g‘

substrate is cleaved w1th fonnatlon of a two carbon adduct of th1am1ne fc}f“.i;.ff'ﬂ

pyrophosphate o8B~ dlhydroxyethyl th1am1ne dlphosphate o : ,"f ”if;} ff‘,
E - TPP * G, ketose BN, E- leETPP +C_, aldose © .. Cetie
. P ) : ) n : i ' ey -t L ,

- Partial structures:

Heo )
pyrimidine—$fﬂ-ﬁ- j L pyrlmldlne -C- N - . ,
K ﬁ;?,,. B q?//ﬂgp
™ p; ‘jh”h o ‘. dlsHETPP :

Both TPP ‘and leETPP are tlghtly bound to the enzyme thus glycolal-

dehyde is not detected 1n the reactlon mlxture and the” detectlon of glyceral-,‘J

dehyde 3= phosphate and, dl*HETPP nece551tates st01chlometr1c amounts of

enzyme The two carbon m01ety must be transferred to an acceptor aldose L “‘h;f%f
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gbefore the enzymeeTPP complex becomes available for a new reaction
_sequence ' A ,:.ﬂ‘f" Lo I T SR

E‘- leETPP + Qm aldose —— E TDP + C + ketose L ‘ . 3

Since the.enzyme is rather nonspecific withnrespect'torthe acceptor hl

o 'falaidose‘ it is-clear that'nhen’a‘number of compounds‘arenpresent.in:the S jf‘fﬂ?
'~; reactlon mlxture the d1rect10n 1n.wh1ch.the overall reactlon w111 proceed ‘ﬁll"ﬁ,h;[

' Wlll depend on  the relatlve concentratlons of the Varlous compounds and g

A the relatlve tates of reactlon. Any systems de51gn ought to take these 3".}“ﬁ{f§"

;factors into con51derat10n, although it is p0351b1e that 1n a steady state

v . . 414\;11,"‘;‘] :
51tuat10n, such,as we encounter in the operatlon of a cycllc process, the g
'system w111 become self regulatory o RPN ,‘ R ,'d‘~‘ P I
N ‘ N ! vl’ o, ‘\
I : 3 e '
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TRIOSEPHOSPHATE ISOMERASE
(D Glyceraldehyde 3= phosphate Ketol- isomerase: E.C. 5. 3 1. 1)
(Reactlon_Zl) . "
Trloseohosphate 1somerase catalyzes the rever51ble conver51on of - o

- D~ glyceraldehyde 3 phosphate and dlhydroxyacetone phosphate. .

S ; I

R HzgoH
l l—.-—H I . ) ) . .“ . ) T
H . B ‘
HOO “" . ¥
en o. o - Hp008 : R
GALd3P D

The enzyme is present at hlgh levels in both animal and plant tlssues
~’Crysta111ne preparatlons of the enzyme have been obtalned from calf muscleA“

(see Belsenherz, 1955) yeast (Krletsch et al 1970), rabbit muscle 'A'ft{f

(Norton et al. -1970),‘and horse llver (Lee et al 1971) Pur1f1ed enzYmeﬂ ‘

- has also been prepared from pea seeds (Turner et al. 1965), green algae
Gﬂeeks et al., 1968) human llver (Lee et al , 1971) and other sources..
Recently, Anderson (19711 has succeeded in separating by‘iSoeleCtric:‘”
focusing the cytoplasmic and chloroplast pea leaf enzymes.:

‘Estimates of the enzyme. molecular welght and the kinetic parameters

~ of the reactlon in the direction of conver51on of glyceraldehyde 3 phos—

‘ phate to dlhydroxyacetone are summarlzed in Table I The llst is probably'
" not. exhaustlve but the. enzymes from various sources appear to have very
‘.simllar propertles, ,Trlosephosphate isomerase is a proteln of molecular

, welght 50, 000 - 60 OOO. probably composed of two srmllar subunlts “The
enzyme has a-very hlgh,actlylty and the Michaelis constant for glyceral-r

1 dehyde‘3rphosphate is low. The equlllbrlum constaut for the reactlon_ls

about 22 (Idiliydroxyacetone phoSphate]/[D4glycera1dehyde 3—phosphate]};h
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: There have been a numberlof studles d1rected at eluc1dat1ng the '
mechanlsm of the. trlosephosphate 1somerase reactlon and the active center
of the enzyme. (See, for example Burton § Whley, 1966, ‘1967 and 1968a,'
Hartman, 1970, 19713 Wolfenden, 1970; ijler & Waley, 1971).. Hartman'-g'
4(19711 has sequenced 15 amlno ac1ds around the actlve center contalnlng an
essentlal glutamyl re51due. Slnce the studles mentloned often 1nvolved |
.‘chemlcal modlflcatlon_of the proteln, they should be of use to the Te-

'searcher working'On-the insolubilization of the isomerase. In this regard

:1t should be mentloned that: Krletsch et al (1970) found the yeast enzyme S

to be Very re51stant to protein modlfylng reagents. : el .~~:",p7
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- ENZYME INSOLUBILIZATION AND‘éTABILIZATIQN.

The-development in recent yeare of ahvariety~of“methods for'the in:
“solublllzatlon of protelns has opened for the first time the p0551blllty
'of 1arge scale utlllzatlon of enzymes in 1ndustr1a1 processes Reactlons

'»“performed in the presence of 1nsolub1e enzyme derlvatlves are biphasic and

'_'the enzymes canrea511y be recovered by mere flltratlon and reused as 1ong

‘as they-remain active; alternatlvely, insoluble enzyme preparatlons can be

packed in columns again elnnlnatlng the need for separatlon In a maJorlty

of the cases-reported SO far thoughoby no means in every case, insolubiliza- o

tlon of enzymes has resulted in 1mproved enzyme stablllty, another 1mportant

v factor in a p0551b1e 1ndustr1a1 appllcatlon ' The reason for this phenomenon

,vpappears to be a decreased susceptlblllty to denaturation. and in the case

'h of proteolytlc enzymes whlchrhave constltuted a large proportlon of the "
:enzymes whose insolubilization has been attempted‘to.date; a decreased‘
"amount of selfmdigestionr The.mosthéerionsddifficulty encountered in the_

process'of-inéolubilizing enzymesiis the relative 1oss‘of activity due to,

- the Various treatments to Which‘the'enzyme is subjected; |

.One couldq therefore, snmmarize the main‘requirements for the success-
 ful induatrial apnlication,of an enzymatic procéss,_as{followé:
| 1) that the enzyme derivative remain sufficiently active ford{'
‘the brocessvto take.placelwithin a reasonable thne'span;

2) that‘the derivative‘be truiy”insoluble i.e. that'no'leakagef
occur during the various stages of the process This mnet be tested
‘under the actual conditions of the prOJected process asiit has been
shown_that Small changes in conditions canobrlng_about‘desorptionvof

'the‘enzyme; and
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3) that the enzyme remaln stable for perlods long enoughsto,
make 1ts use economlcally fea51ble In thlS regard one must of
f .
‘course conSLder the cost of the large scale preparatlon of the

enzyme ltse,lfw

A varlety of methods for the preparatlon of water 1nsolub1e proteln o
derivatives has been developed and an overall outllne of these procedures
is' attached. In general, the procedures fall into two large groups. those

‘1nvolv1ng only a; phy31cal 1mmob1112at10n of the proteln and those based

" on a chemical reactlon llnklng the proteln molecules e1ther to an 1nsoluble'

support, or to'each_other or both. Each.method has its advantages and _
dlsadvantages;‘ In the past, most work has been.done u51ng enzymes‘cova- ’
lently bound to polymerlc matrixes. Mbre recently, the use of porous glass
as a support‘for covalently attached en;ymes ‘appears to be.galnlng.conf‘
.:S1derable appllcatlonr ' | | | o 4
The ch01ce of a partlcular method for the 1nsolub1112at1on of a.cer-
tain enzyme appears to be largely emp1r1ca1 as not enough generallzatlons
; have emerged from the cases studied so far A feW»p0551b1e startlng con—pQ
siderations mlght be llsted Thus in the case when covalent b1nd1ng of
the proteln to a support is env1saged knowledge of the prlmary structure;..
around the active site mlght be useful in determ1n1ng which mod1fy1ng |
.agents should be avoided. When the substrate for a reactlon is charged
the use of pOlYlOHlC matrlces of the same charge is to be av01ded due to~ )
'the negatlve effect of the charge repu151on conversely, the use of an
opp051tely charged matrix mlght be of advantage" Another factor to be

' con51dered is the size of the substrate - Thus, in the case of large sub-

| "Istrates'one should av01d us1ng methods 1n whlch the enzyme is phys1ca11y o




"ﬁmolecular welght reactants However thlS method would have no. advantage
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'rp«occluded in, alnatrlx, as the reactlon could be hlghly hlndered by the.vffﬁ'&r”'”,‘

| d1ffus1on of the substrate 1nto the matrlx Generally speaklng, however,

the procedure adopted would have to be 1argely a.matter of tr1a1 and error:

| | A number of rev1ews on 1nsolublllzed enzymes are’ now avallable and ft.w
“ are llsted 1n the attached,blbllography The recent revleh‘by Melrose |
(A971) (see Sectlon T of blbllography) s partlcularly up-to-date and

'wellndocumented in the various areas of interest both to the biochemist'

' and to the chemlcal englneer o A‘g_, o ']; 'ﬁghiﬂ‘ f‘f,ﬂ;nuﬂp‘ Rt
~ We have also complled a partlal blbllography in Wthh the avallable o N
11terature is c1a551f1ed accordlng to the method of 1nsolub1112at10n used.

Two alternatlves to the usual methods of Immoblllzlng enzymes by

L

o 1nsolub1112at10n.cou1d also be mentloned In a recent paper Wykes,vgcth_fp'ffWQQV“
tDunnlll and Lllly (Blochlm Blophys Acta 250 522, 1971) reported the B
| immobilization of amylase by attachment to soluble support materlals.
1The enzyme was attached to varlous polymers, in the usual manner, but‘the
"f'latter were 1n ‘a soluble form : ThlS permlts easy separatlon by ultraflltra— -
tion but removes some of the diffusion and Steric barrlers encountered by . _fﬁ:x

hlgh,molecular«welght substrates in the case of water- 1nsolub1e supports

kAnother 1nterest1ng p0551b111ty 1s that studled from a theoretlcal p01nt

of view by Rony (1971) (see Sectlon II of blbllography) of occludlng the d‘
enzymes w1th1n hollow flbers This precludes the need for 1nsolub1112at10n

and prov1des at the same time an automatic means of separatlon of the low.

" from the point of view of 1ncrea51ng enzyme stablllty as. compared to con-‘:h COPR

ventional ‘enzyme reactionsvianolutlonr
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VI

OUTLINE OF

~ METHODS FOR PREEARATIQN OF WATER INSOLUBLE_PROTEIN DERIVATIVES

. ”:PHYSICAL ADSORPTION ON

1. Neutral surfaces glass beads, quartz, charcoal partlcles d1a1y51s B

tublng, Mllllpore fllters, collodlon.membranes, silica gels,

”Zn' Ion:exchange resins: cat10n1c DEAE cellulose and DEAE- Sephadex,.

anlonlc carboxymethyl (QM) -cellulose.

: Dlsadvantage of the method varlatlon of pH, 1on1c strength tempera-:'

ture or addltlon of substrate may lead to desorptlon

"'OCCLUSION IN CROSSLINKED POLEMERIC MATRICES

(Carry out polymerization ' reactlon in aqueous solutlon containing o

- enzyme. .) Polymer most frequently used acrylamlde + N N—methylene—

)

blsacrylamlde Gel can then_be dispersed into partlcles
~Advantage:  imposes minimal constraint on enzyme, no covalent bond

formation, could be applied to any, enzyme. ~* . %J[E

Dlsadvantages

a) because of broad dlstrlbutlon‘of gel pore 51ze leakage of‘/wfé.pf

enzyme 1is difficult to aV01d'

b). enzyme reactlon occurs w1th1n domaln of gel matrlx there-ﬂ-
‘fore reaction 11m1ted to substrates Wthh can dlffuse E
,'readlly 1nto gel N

of ‘free radlcals generated durlng polymerlzatlon may affect 'ff

- activity of enzyme.

 COVALENT BINDING TO"WATER-INSOLUBLE CARRIERS

Should be done:

a) via fuﬁctional-groups non-essential for actiyity;
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b) "under non.denaturlng condltlons
" Functional groups sultable for covalent blndlng. o and e amlno groups,
.y, B and v carBoxyl groups phenol r1ng of tyr051ne, -SHfof cystelne,.”
f'-OHTof serlne, lmldazole of hlst1d1ne '
"Some methods commonly used

a) Blndlng of proteins via aming groups to activated cgtbdel-”'

b Ni_l * ,
N-CONH) + & =0 + Iy
Jy

matrices. Activation can be achieved;

.@

sulfonate) e
gg | (?
oT~C—0 & ‘§ |
I Tas o S OHE) +
N 00~ ——?§coo
R & | CH‘fNHC Hs * g0 -
‘ \ ’3
¢ %OH
: CH?NI‘I?ZHS

3) byftransformation into'the corrésponding azides:

N CHBOH . HNNH,
§OCH*Z“COOH ——->§-OCH C00CH ;223

T

_OCH

LN
./ >
N

" : “’ : ' .‘\» v' . . . ".
CONPNH[“?;%‘Q.CHZCON

J

. §§;OCH2CQN3 + HiN-protein_Qev;- "QCH?CONvaerein»A'

‘(M cellulose TR o ‘.CMC hydrazide ‘CMCfézidewj_  fi€



- - 126 -

b)’ Binding of proteins via amino groups to activated hydrokyi |

aymatrices"

(1) w1th cﬁloro S tr1a21nes.

sy j N@
."A\EOH+C1 {){ ‘HZ ?-\;\71\1

CZ) with‘CYanpgen halides:u -

B L
_OH C=bo o MY oconu®)
\ o ~ -
St PPN S0 TS

iminocarbonic acid

» c) Acylatlon of protein amino groups by ethylenemalelc ac1d (EWMQ

copolymer ,~1' E
Ol G Oy i Oty QL Oy Ol
C\O ' C . .C + HN-P) —3 C - C=0"
s\ - 2 ON T
0/ \b o, .0, 00-

e e

B1nd1ng to dlazotlzed re51ns malnly via tyr051ne re51dues (
' (pther groups reactlng are. NHZ’ 1y51ne arglnlne hlstldlne)
A number of dlfferent carrlers have been used these possess

_NHZ_groups which are dlazotlzed{ then reacted with' the pro-“
uteln +

H o
ArNH2 + No3 —>ArN H,0

;
e

Ar -N—NQOH
ArN *

A xNH2 ~—— X-NH-N=N-Ar

, Carbamic acid ester "



s

~ Some, carrlers used - - |
Aj Synthetlc organlc polymers ";. - . - : ;v;
Neutral: cellulose Sephadex, Sepharose. bt"ﬂ o L 1,f-d
Polyelectrolyte CM cellulose EMA amlnoethylcellulose. - R
.51 Inorganlc carrlers; glass NiO. o f3. H" ‘[ f . o

vThe glass 1s made 1nto an.am1noalky1511ane derlvatlve. ThlS L

B is then elther converted 1nto the 1sothlocyané£e derlvatlve | n,ﬁi o

| “i‘and Linked £° the proteln byxsulfonamlde bonds or d1azot12ed‘ o E
and bound to the proteln by diazo llnkages o ‘ ‘ﬁ
iMMOBILIZATION BY INTERMOLECULAR CROSSLINKING ' ' o

'In thlS method elther the " proteln itself is polymerlzed and rendered f’T o

1nsolub1e or 1t is boumd to a matrix and crossllnked In most cases gt
blfunctiOnal‘reagents are used for«crosSllnklng'but'sometimes'intér#"" RORE
molecular bonds are forméd between protein.molecules. SR
. 1 p : vy . L ,
AT ; U L
' P N ’ + . h ]"
¥ . N .
‘ '“ﬁi - S ( ’Q‘ ' K . .
[N " * ¥ ! )
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'THE. REGENERATION OF ADENOSINE. TRIPHOSPHATE.

In biological systems, the energy required.to drive;Certain,reactigns
in a direction inherently unfayorable is supplied by so-called fhighrenergy
compounds," of which. ATP is the primary example. Hydrolysis of the last
pyropﬁbSphate bond of this molecule:

ATP  —> ADPV+ Pi_“
releases approkimately‘7 Kecal (in vivo this may be as high as 12cha1),'and
this excess energy can be used to drive an appropriately coupled reaction.
In nature, formation of ATP proceeds by one of the following three
mechanisms: 1) substrate level phosphorylation, in which some of the
energy released in the course Qf the degradation of carbohydrates is stored
in the high-energy bond of ATP;“21|§¥idatiye phosphorylation taking place
in,mifochondria, in which oxygen is the terminai electron acceptor, and
3). photophosphorylation, which takes plaée in chloroplasté‘and other photo-
synthetic tissues and in which the energy is supplied by solar light, as
ekplained elsewhere in this report.

The reductive pentose ﬁhosphate cycle (Calvin cycle) and the alternate
reversed oxidative pentose phosphate cycle and formaldehyde-based cycle
proposed in the pfesent report as possible routes for the synthesis of
carbohydrates eachminyolvé some reactions which.usé.up ATP. The overall
enérgy balance for these processes and the hasis of the requirement fqr
ATP are eiplained,inmthe Lntroductign, The ufilizatién_of ATP and the
consequent formation of ADP raise the prohlen Qf ATP regeneratign,‘as we
wish to have a totally‘self-sufficient sYstem? in which._ the bnly‘inputs:are

C0,, H,0, and energy.
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AnAattémpt,to reproduce entirely any Qf the natural AIP regengratign_
procesSes:appears_to-us~tO'be.futileAat this time. Since it is our purpose
to éynthesizé carbohydrates;, SuBstrate-léVel’phbsphgryiation,:based on the
degradation of sugars, is obviousiy\out of the question. The other
processes--oxidative and phbtosynthetié phosphorylation--involve intricate,
membrane-bound electron-transport systems and a series of not completely

understood processes in which electrons are moved to successively lower
energy-states,'at the same time using the excess energy for the formation
of ATP and the reduction of pyridine nucleotide cofactors. The isolation
of these complicated systems in active form and their possible stabilization
for long-range industrial use do not appear to be realistic targets for the _
near future. | |

We have therefore attempted to delineate other ATP-regenerating pro-
| cedures which must of neceséity involve some chemical reactions not présent
in the living cell. The procedure outlined below appeared to us quite
promising, as all the reactions have already been studied and some are ‘even
being ﬁsed iﬁdustrially; A.piant design based on this series of feaétions
and the various problems of efficiency, etc., form another chapter of this
report. |
| This method is based on the enzymatic reaction in whiéh_ADP'is phos-
phorylated by acetyl phosphate. The enzyme involved is acetate kinase:

Het? € 2P HSCC//O + ATP

3 \O®' . T L

acetyl phosphate . acetate
For the‘ermatipn.of'aceIYI phosphate the following sequence of organic

reactions is proposed;
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- Ao, B
COOH. -=x=xv==% CH,=Cs0 + H,0
CE[S 700_0*.":" CHZ e 2. .

acetic acid ketene =

. ’ o 0
L H'Sce.c/
CH,=C=0 + CHLCOOH ==---3 he

3

HSC C

“acetic anhydride

. //0 .
H,C-C o 0 .
0 + HgPO, -----> H,C-COOH + HqC~ -7
H,C-C{ ~o®

3%

It»can be noted that the sequence is cyclic, as acetete and phosphate
are‘reused to maKe écetylvP, Of course, since we are making “high-enefgy”
bonds, first in the form of acetylvP, then as ATP, we must. have an input
of energijin this case this is supplied in the form of the heat necessary
to dehydrate acetic acid. >It is also assumed that aeetate can be efficiently
recovered from other compounds in the system, so that it can be used for”
acetyl-P regeneration. | |

The enzyme; acetokinase (ATP-acetate phosphotransferase, E,C.»Z.?.Z;l);.
Is present in certainlnicroorganisﬁs where the formation of acetYl_coenz?me
A, a compound universally required for the metabolic utilization of acetate,

proceeds via acetyl phosphate, in fhe fellowing manner

ATP + acetate ————> ADP + acetyl phosphate
(acetate klnase) :

CoA + acetyl phosphate —— 5 acetyl CoA + P
(phosphotransacetylase)

(In higher plants and animals the actlvatlon of acetate takes place
through a different reaction, namely+
ATP + CoA :-'\-\1'5 acetyl COA + PP + AMP

catalyzed By‘the enzyme acetate thlok;nase 1
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The presence Qf acetate kinase actiyity.ha§ been demqnstrated in a
numﬁer‘of*microqrganisms Eut.highly-purifiédvprepaiatigns have not been
' reportédn The best preparation available to date ié that from E. coli
(Rose et al., 1954) whose purity  was estimated by Anthony and Spector (1970)
“at 17%. The latter authors also’ estimated a moleéular weight of 46,000.
In the direction.df ATP formafion the kinefié constants were (Rose et al.,
1954); ‘ | | )

K (acetyl phosphate) = 5 x 10'_3 M

3

K, (AP) =1.5x 10" M

*2 or thz are required by the enzyme:

Mg
K o0g =s5x 100 m
The pH optimum is 7.5 and fairly sharp;
The equiliﬁrium'constant at pH 7.3 is greatly in fa?or of ATP forma- -
tion: | |
[ATP] [acetate]

eq " - = 0.006-0.011
9 [ADP] [acetyl P] '

This means that AG of hydrolysis of the anhydride bond of acetyl
phosphate is about 3 Kcal higher than that of ATP. In other words, in the
proposed ATP regeneration scheme, we-are using up this amount of extra
energy by gbing through an intermediate acetyl phosphate stage. In this
way the phosphorylation of ADP can be expected to proceed to completion; |

The enzyme is quite specific for its substrateé, Of other carboxylic
acids tested, only propionic acid was: actiye, being phqsphorylated ten

times slower than acetic acid.
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ENGINEERING CONSIDERATIONS

I. " Tritroduction.

THis section. discusses an:eogineering syntheeis of the Calvin cycle’
of photosyntheSis, using insolubilized enzyme reactors. . ‘The net reaction
which. is accomplished is the broduction\of glucose from carbon dioxide and
water. In addftioﬁ,to the insolubiliZed enzyme reactoreJWhicH_carrY'out the
steps of the Calvin cycle, such_avsystem must include regeneration schemes
for ATP and NADPH' , as well as separatlon dev1ces to effect the difficult
separation of ions whlch is requlred

Figure I- -1 111ustrates the de51gn conflguratlon to accomplish the reac-
tlons The enzymes of the Ca1V1n cycle are fixed on insoluble matrlces in
reactors which may be elther of fixed bed or of stlrred tank design. Water -
and carboncdlox1de enter the. sequence and the carbohydrate product as’
glucose (or_starch) is withdrawn. The schematic dlagram 15‘51mp11f1ed in.
that it does not sbow'recycle streams.or enzyme replenishment.

: Table.I‘liets-the enzymatic reactions which occur in eech.reactor‘as
numbered. Brief1y3.ribu105e dipbosphate and an air streem with carbon
dioxide are fed ihto avstirred tank reactor, iﬁ which the enzyme‘ribuiose
diphosphate carbok?lase may be insolubilized on glass beads. The carbon‘
dioxide is fixed to the ribulose diphosphate and, via an active.intermediate

compound, 3aphosphog1ycerate is produced. The depleted air etream is
porged and the PGA is directed to the next enzyme reactor in.sequence;
The threeacerbon_compounds are.condebsed ta fructOSe ofpbosphate some of
WthhrlS w1thdrawncfor dlrect conversion. to product and some of whlchcls
- further reacted within the Calvin cycle to enable contlnuous operatlon

Through\a series of reactions involving aldolases, transketolases‘and‘Other
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Table-1

The following reactions QcCur in Figure 1 as numbered:

_ribulose: diphosphate,

1. Co, + r?bulose diphosphate L‘Caiﬁdxylasa‘,,f‘(ZLSTPhQSPthlycerate
2., Glyceraldehyde‘SiPz _triose phosphate isomerase _ dihydrbxyacetohe
‘ phospHate ' 4 ' '
'3.~ Dihydrokyacetone phosphate + glyceraldehyde S-PZ ‘§1491§§§;___ fruc-
tose 1,6-diphosphate . - o
4. 'Fruttose<6:phosphate + g1YCeraldehyde 3—P2 ~E¥§D§k§§91@§§-f Erythrose
4-phosphate + xyulose-5-phosphate _ "':
Erythrose-4-phosphate + dihydroxyacetone-phdsphate _aldolase__ sedoj
heptulose-1,7-diphosphate | |
5. Sedoheptuloéeﬁ7:phosphate.+ glyceraldehyde S—PZ «Er@ngkgtglgsg--,xylu-
lose~5-phosphate + ribose-5-phosphate ' '
Xylulose-5-phosphate -EQQFQ§§-P@Q§E@§EQ_§P¥m§¥§§§_t ribulose-5-phosphate
6. 3:Phosphog1ycerate'F§:pbg§pb9gly§§£§§§-¥QQBQE§§§-- glyceréldehydé 3-P2
o , ATP NADPH : '
7. . Fructose 1,6-diphosphate fructose diphosphatase__ frﬁctose-64phosphate
8. Sedoheptulose 1,7adiph05phateJ-§?§9b§93919§§-diph9§pé§§§§§-7‘sedoﬁep;
tulose-7-phosphate ' -
9. Ribose=5<phosphate -?%b9§9-2h9§9h§§9—i§9m9§§§§-- ribulose-5-phosphate
10. Ribulosevgvphosphate ,phg§pb9§ibglg§§?k;ng§§_1 ribulose diphosphate
. v ATP _ . Bk S .
11. Fructose-6-phosphate -Ehggphgbgggzég@gﬁéég*f;gluco§e~6-phpsphate l‘
12, Glucose.:ﬁ:;pho;,ﬂs,_ghate' __‘,gl‘gQ%@}2@9\%}2,&%‘;@2@;,_,2 glucose d?D
13, Glucose<6-phosphate, <R§9§E§9519992%@222§Ez¢ glucose-1-phosphate
14, Glucéseﬁlvphbsphate:+QEQ§9E9¥X%§§§E? starch

AAAAAA
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specific enzymés, the fructose-G-phosphate: regenerates ribulose diphosphate
and the cycle repeats... As shown, ATP and NADPH§>ﬁusixﬁe regenerated and
Tequire Special separatign,procedures\J,>

In Figure Ikl,»esSentially~each;ggjorfénZymatic conversion takes place
in a single reac%or” Alternatively;xéiprocessvmgy be envisionea in which,
after the unique reactor to ¢ffect the carboxylation which involves a
three-phase mixture, as many -enzymes as possible are combined within the
Same stirred~tank‘react6r. It may be possible in this latter case to
combine sequential énzymes‘on the same beéd. Figure I-2 diagrams such a
scheme. Again the product is taken from the fructose 6-phosphate stream.
This mixed enzyme sysfem‘is the engineering analgg‘tb the conception that
- a green plant cell is a "mixed bag' of enzymes. Clearly, Figures I-1 and -
-I-2 represeﬁt only two of the many possible design configurations possible
using the Calvin cycle.

In any design, a basis must be chosen which is'commensurate with . the
productioh.leVel required. For this reason, it is assumed that the gas
feed is the effluent from a fossil fuel burning power plant producing
1000 Megawatts of electricity. The plant stéck gas stream is assumed to
be 2.5 x 106 CFM of which 14% is carbon dioxide. The make-up water is
added to the process as needed. Although drawn as a sepérate entefing
stream, it may be possible to use the make-up water to advantage by com-
bining it with some operation, such. as ion separation.
| A consideratign,of the engineering sYnthesi§ of the Calvin,cyéle df
photosynthesis iny01yes»many‘prqblemsm Theifqllqwing seétipns-discuss
several of these. Four aspects which are treated in detail are 1) the

design of the immobilized carBoxylase enzyme reactor using a stirred tank
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design, 2) the design of .the ATP r‘egerlleratijgn_.s,,chgme using a packed bed
cl_esi‘gn, k3] chside.ration. of an. i‘bn‘ s.epara.ti'gn system, and 4) energy
requirements. Finally, a sectiom is included which discusses: some of

, t_he engine.éring problems which have not been ei’cpli;ci.tly‘ treated, and

" which may require further development: -
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II. Design of a Cohtinuous Feed Stirred Tank

Enzyme Reactor:for Production of PGA

The foilowing describes the design of a continuous feed, stirred tank
reactor to accomplish the carboxylation step in the Calvin cycle of phbto-
-Synthesis on an industrial scale. The method of désign_is ﬁresénted. The
results are given for a design with porous glass, 1mmob1112ed enzyme
support. Also, a de51gn sketch for a packed tower, an alternatlve to the
stirred tank,. is included. The design is not intended to represent an
optimization due to time constraints. The many variables are interrelated
and-it is not possible to solve explicitly for the values to yield the
most economic design. 'Instead, this paper serves to iilustfate what aséump-

tions must be made in such a design and to. be ‘a guide for more complete

studies.
Reaction:
The reaction to be,carried out is: ., ..
HZC'O’ y oo ’ H co@ CooH
. Rlbulose dlphosphate
€O, * 9 0 Carboxylase //’ HOCH ¥ H$OH
HCOH boot  H,L0®
| HZO 2
: H?OHF
H,00®
Carbon . Ribulose 1,5~ 3-Phosphoglycerate
dioxide DiphoSphate (RuDP) o (PGA)

‘The chemlstry of RuDP. carboxylatlon and cleavage to yield two mole-

cules of PGA has been postulated to follow the course shown_below (14

HZ('JO@ | HC0@ H,00® ~ H0@®

c 0 ' co"‘ €0,  HO,CCOH. H,0"  HCOH
2 : : i

HCOH‘ ~ COH 2, 6 o

HCoH  H' HCOH . HCOH , | CO,H
, |

H2c0® H2C0® H co@ " HCOH

H‘Z(':o®
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‘Design Basis’

A de51gn‘ba51s must be chosen commensurate with the proposed scale of
the carbohydrate production. It is- assumed that the carbon d10x1de source
- is fhe‘effernt from a fossil fuel burnlng electrical energy generatlng
Aplanf, ‘A 1000 megawatt electrical energy generating piantfemits stack gases

6

of approximately 2.5 x 10° CEM (L of which 14% is COé (2). From a 1iquid'

fuel, one might eXpect an»effluent of,14% C02; 1-2% 02, negligible Co,

©~ 500 ppm SO for eachcper cent sulfur in the fuel, and the balance nitrogen

VIZ); Such a gas 1is assumed to be the plant feed. Scrubbing and cooling

operations;would be required to remove all components which are harmful to

o . the enzymes and to cool the gases to reaction temperature. (30°). Assuming

~ the dissolved CO, to be in equilibrium with a (O, gas fraction of 3% and
assuming conversion of 90% of ‘the dlssolved CO the resulting glucose pro-

ductlon is 9.83 x 10° pounds per year

" Enzyme Specifications
| 1. Equilibrium |
The change’in free energy for the’reacfion is -9'8‘Kcai per gram
mole (13). At 30° C, the equilibrium constant is 107, whlch is Very
favorable in the direction of PGA productlon. It is, therefore,
. assumed that there is no’ limitation due’ to equilibrium{"
2. ‘SuBstrate concentrationsv‘..
In dealing with.enzymes care must he taken to ihnit'substrdte

concentratlons to levels whlch are not 1nh1b1tory Dissolved CO in

i i

equlllbrlum w1thc3° CO2 in the gas, phase by HEnry‘s Law is 7. 6 X 10 4

molar. For RuDP the maximum substraterlevelnls assumed to be 10 -3
molar. The effect of running such,dilutevconcentrations of ‘the reac-

tants while demanding'highfleuels of carbohydrate production is to
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”  necessitate very-high flow rates.
3. Kinetics | .

The Vmax and Km values are presénted elsewhere in,this Teport in
_ the section discussing ribulose diphosphate.carboxylése,‘ The assump-
tion ié-madé fhat the bound enzyme exhibits 10% of' the activity of the.
native énzyﬁe. This reflects activity and Km variation and any diffu-
sion limitation due to the nature'bf the pofoué glass'eniyme'suppoft.
One may-separately consider Km‘variatibn_(é), but this was notvdone iﬁ
vthis study. It i§ assumed that the bound enzyme follows Michaelis-
Menten kinetics. Since the allowed substrate concentration of RuDP
relative to its Km value is greater than the substrate concentration

of CO, relative to its Km value, it is assumed that carbon dioxide is

2
| the limiting substrate.
ﬁ. ‘Matrix suﬁport

| In the design, glass beads aré chosen a§ the enzyme suppbrt.
These are porous, 55 mesh beads. Density of the giass is assumed fo.
be 2.2 gm/cms.- The diameter of 55 mesh beads is 0.0182 inches |
(0.0462' cm) . A literature survey of enzyme fixed on porous supports
yields an average value of 100 x 10'_'3 grams of protein per gram of
support. For the chosen system, this is 6.25 x 10’-'3 grams of protein
| per Sqﬁare metér, if'one accepté Weetal's claim that a value of 16
.‘square'metefs pér gfam may be achieved Qith g1gs§'of 790 i:SO A pore
‘size (4). The,ﬁéssibility of diffusion 1&mitatioﬁ due to porous épp_
port is considered following the d§§ignjénq Shoyhﬁfo be‘reiatively
unimportant compafed to-enzyme.kinétiésm c
Two countervailing faétaré,iﬁfiuence;fhegchbice:pf bead size. To

minimize diffusion limitations, one decreases bead size. Since for
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ribulose diphosphate carboxylase there is‘littlevdiffusion‘limitation,_

~ the bead size may be 1ncreased Larger beads are easier'to.sereen'and .
hold w1th1n,the~reactor. Smaller beads are ea51er to hold in suspen-
Sion, whieﬁ is essential for good.performance. The choice of 55 mesh
beads represents a size most commonly reported in the literature.

Design Outline

The many variables involred in such a design interact in such a fashion
that direct analytical solution is not:-possible. A design is refined itera-
tivelyvsubject to certainiconstraints. Tank geometry'was constrained within
the limits of standard geometry-iﬁ the fermentation industry in order to be
able to take advantage of several correlations regarding agitation and aera-
‘tion (gg. A tank‘size‘was assumed to be the largest which might be availa—
ble (5). The flow rates must allow_the residence time of the substrates
_in contactrwith,tﬁe enzyme for a duration dictated by.Michaelis-Menten
kineties. A detailed outline of the design procedure follows. Briefly;
however, it might be noted that the design seeks to calculate a minimum‘
liquid residence time (i.e. residence time of substrate ih contact4With
enzyme catalyst) in the reactor subject to conventional design crlterla such
as gas heldup, liquid entrainment, verd volume fraction, etc., and to match
‘this time with.that required By’rhe‘ﬂineticé for‘atsﬁecified conyers1on.

‘ ThlS is an 1terat1ve trlal -and-error procedure._

1, A value of gas holdup is correlated to superf1c1al gas veloc1ty
by Hughmark's correlatlon (8) . Required 15 density of solution.

'Lilly (§)'suggestsl0,95,for void volume fraction, but Perry's Handbook
ZQ__) states that values as low as 0.7 are acceptable Since the amount
'of react1on is pronortlonal to enzyme concentration, void volume frac—

tion of 0.8 1s chosen.
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2. From_the assumed size of the reactor (cylindrical tank: 20 feet
diameter, ZS feet liquid height, 27 feet total height) the volumes of
'1i§uid, holdup, and glass are calculated for void Volumé fraction 0.8,
" holdup 15%.

3. The flow rate of gas relates.to‘amount of éubstrate‘converted at
an assumed conversion (QO%QE‘ Flow rdte per reactér relates to total
number of éuch_reacfors; given é basis of overall flow rate.

‘4g From giass‘spegificétions and assumed ené?me fixed per unit of

‘

glass, the amount of enzyme is calculated. From the volume determina-
tions, the concentration of enzyme is calculated.
5. Concentration of enzyme allows calculation of required residence

time for substrate. Since dissolved CO2 is the 1limiting substrate,

the 1iqﬁid residence time is crucial. From Levenspiel (7):

oV _ CaoX) _ Cao(X)

T F -Th VmaxC
Km+C
where §'=‘re$idencé tiﬁe
V= volume.of reactor
'F = volumetric flow rate

C,o = entering substrate concentration
1, = rate of reaction
X = conversion

C = substrate concentration in reactor

. 6. The necessary liquid flow rate with given ;oncentration of RuDP
to stoichidmetriéally react with the COé at a given'conversion can be
calculated by mole balance. For a given volume of liquid ih the reac-

tor, the residence time of the 1iquid must match (or at least not be 7
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leesvthan)lthe~required-reeidence time.
7.. -The residence tine’of the gas may~be calculated.
8. Assuming baffles and a stirrer to he included, correlations (6)
”‘are used' to estimate the power required for agitation in gassed and :
ungassed systems. The standard geometry constraint is necessary for
‘uee.of these_correlations.
9. Pressure head of the 1iouid.may be calculated. This represents
the pressure. over 1 atn to which the gas must he pumped to feed it to
- the bottom of the reactor. Centrifugal hlowers are adequate for the
job.
10. Entrainment of liquid by gas must be checked. This must be small
for good performancé “and this is a variable which ''trades off" with.
<fh1gh gas throughput Correlations are presented in the literature (12).
At the de51gn condltlons, entralnment is very low and not a problem
- 11. Heat generation due to the exotherm1c1ty of the reactlon must be
con51dered,‘ It is reported (16) that 5 0 Kcal are released per gram
mole of CO reacted. The“desrgn allows for‘85’8 gram moles per mlnute
per reactor. (0. 189 pound moles/mln reactor) of CO2 converted. Thus, |
7429 Kcal/mln (1700 BTU/mln) must be d1551pated This amount of heat
exchange may be handled by cooling c01ls in the “tank. U51ng cooling
water, allow1ng a 15 C rise in the cooling water temperature from for
example 10°C to 25 C for a 50 C approach to the reactlon temperature
of 30°C, would requrre a leW’Of 7.56 gallons per minute ofkcoollng
water. This is a small effect and may instead be handled by humidi;
- fication., | |
12. Diffusion.limitations can be a severe hindrance'to such a design

using a porous catalyst. The carboxylase enzyme, however, is known to
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"be a partlcularly slugglsh_enzyme (l4), and it mlght be expected that; ﬁlfv

the k1net1c lrmltatlons for thlS partlcular case are ‘more’ severe than -

1~p0re d1ffusion~ ThlS may'be checked by reference to the Thlele modulus

2, and effectlveness factor,‘n.- Satterfleld (15) outllnes procedures 3

'

for establlshlng the 1mportance of dlffu51on lunltatlon for ‘the Langmu1r-

Hinshelwood type of rate’ equatlon, for whlch the M1chael1s Menten k1ne—

.tics is an analog. For the case where elther the surface reactlon or -

l

the adsorptlon of a 51ngle reactant is rate lunltlng, and allow1ng for ;

- possible - 1nh1b1t10n of the ‘reaction rate by elther reactants or prod-

ucts,_the,rate,equatlonyls.taken,to'be:

1o+ 'KCOZCCOZ * KRuDPCRuDP ‘ ‘ 'dt\“ :

where K's are adsorption coefficients and k is a reaction rate'coeffi-.f - I

cient.

The Thiele modulus for such a situation is:

e N ;q) =“(L2 ¥ ‘. , 1 " Jdnj 1o \ ‘

\ e\ 2

where for spherlcal geometry L R/S (R. pellet radlus) The'effec- o

trve d1ffus1v1ty, Deff is assumed to be that of. CO2 ‘in water 3 57 X

10“5 an /sec.l For the lO of Vmax reactlon rate assumed to be p0551-

ble, the Thiele modulus 1s calculated to be 0. 00416 For any KA CA
h.and any react1on order, the effectlveness factor‘ls greater ‘than' O 9
- This conflrms the expectatlon that for a Very slow enzyme such as
rlbulose dlphosphate carboxylase the reactlon is klnetlcally, not

dlffu51on, controlled 'This result may also be found as descrlbed by

Kobayashi: (10) -
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" This design does-not‘includé the suppbrt equipment which_such.a'regqf_
tor ﬁould require. This includes treétment equipment for the entering gas,
temperature. and pH control and‘instfumentation,‘and various monitoring de-
vices fbr liquid level,.étc. Also, either some sort of screen to hold the
glass beads fiied with enzyme in fhe reactor or a centrifugal separator
and recyélé system would Be necéSsafy. It must also be appreciated that
'feVeﬁ imﬁobilizéd éﬁz&mes have finite lifetimes and a resupply system should
be provided. | |

A schematic flow sheet and summary of the design caicUlations afe pre-
sented on the following page. For a sihgle reactor, a total of 3210 such

‘reactors are required for the speéified production.

1
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Air effluent (3% C0,)

C%)

ﬂgv\“v\««)xzxf\”“‘furh

Stirred Tank Design:

- Air feed (14% C0,) o—d ___ql25

7.79 x 104 CFM

e

< 20" >

RuDP feed
1.225 x -10% %/min

= 433 £t3/min = 3,235 gal/min

RuDP = 7.8 x 10-3 gm mole/s .

Specifications
per reactor

= Void volume fraction = 0.8

“'Gas holdup = 15%
Density (effective) = 1.24 gm/cm3

‘Volume of liquid + holdup + glass = 7850 ft3
Volume of dead space = 628 ft3
VWM = 0.099 min~!

~ Gas velocity = 0.275 feet/sec

Molecular weight of enzyme = 557,000

" 'Enzyme concentration = 7.9 x 10-5 moles/s

Glass: 55 mesh, porous ‘
" Bead diameter = 0.0182 moles = 0.0462 cm
51.5 x 10‘4‘cm3 '

Bead volume
= density = 2.2 gm/cm3 fraction

Assume 100 mgm protein ’};;”‘q. i <
fixed/gm glass

o O s 1.225 x 10* /min

Entrainment _

Th1e1e modulus of Satterf1e1d
Thiele modulus of Kobayash1

6.93 x 102 CFM"

C3 =7 x 107 -3 moles/s .
€0, = 7.6 x 1074 mo]es/z'
RuDP = 10-3 mo]es/z

Pound-moles CO, reacted/min = 0.189 .
Conversion = 90% '

-Res1dence time of 1iquid: requ1red

=-12.3“min

Actua] residence time of 11qu1d
= 12.4 min

'Resxdence time of gas = 13.65 sec

Power required ungassed = 94.8 HP o
62.6 HP
Reynolds number =5 10°

Power number = 6

Stirrer RPM = 39.1

Power required gassed =

Pressure feed =
= 1.914 atm

moles’ 11qu1d\entra1ned/hr 12

1 atm + .914 atm

<0.001

11qu1d rate + moles Tiquid
" entrained
0.00416 Efficiency

0.17° >0.9.
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Packed Bed Alternative‘Designr
i The follow1ng page 1llustrates an'alternatlve de51gn, a. packed bed ‘"rw;,hqﬂﬁg“
: Since the enzymatlc reactlon is- SlOW‘ the bead size may be 51gn1f1cantly ‘fjf hlz’n“ﬂ
1ncreased over 55’mesh,-w1thout seriously affecting diffusion control. A .. | |
large.size‘bead is desirable for packed bed‘use,Aas it allows smaller”
pressure drop through the column.

There is, however, a serlous drawback to, the packed bed de51gn The :
;1enzyme cannot tolerate a carbon d10x1de substrate concentratlon greater |
than that in equlllbrlum w1th a gas phase fractlon of 3% carbon d10x1de
In a packed column, “then, ‘the maximum substrate concentration is presentvat~
the top of the column and the substrate concentratlon decreases as one pro-
gresses down the column ThlS ”less than maximum'" concentratlon of sub- .'af,»ﬂ df

po SN

strate makes for less than.max1mum utlllzatlon of enzyme., Furthermore;:!b : r'ﬂ3wch
~ the decrea51ng carbon dioxide concentratlon makes for a lower concentratlon“;:w
’gradlent for mass transfer. In addltlon, assumlng that the carbon d10x1de : ';."
is avallable as 14° of the gas effluent from the electrlcal energy genera- .':‘;
ting plant as before this stream.would have to be dlluted to 3% CO before

enterlng tne colum. In contrast the stlrred tank can operate contlnuously

at max1mum substrate concentratlon.:,‘g '”, &:&3Q. Lo 4j7‘}l{, t}{‘

For detalls of a packed bed enzyme reactor reference may be made to’

‘the sectlon,of thlS report concern1ng ATP generatlon and to- reference (10)

'
B
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Additional Design Proposal:

"Liquid RuDP feed

Spray

S
Air-Co, feed SN TN DS

epcoccn

uu‘C)Cu

///Qég// 3399 Porous beads
Co-current f]ow 6//////

Packed tower

Air

Vapor-liquid
disengagement

Liquid prbduct
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Conclusion

t . [ : R
o \“ - “. B )
» . i

A de31gn has been presented for a contlnuous feed stlrred tank enzyme:

¢

! a:_'\' R
L S

reactor ThlS type of reactor makes efflclent use of substrate and enzyme, L
é

"because it allows the maximum substrate concentrat1on to’ exlst throughout ‘15('
the reactor, Althoughtno optrmlzatlon_has been_made on this system, and o
no quantitative comparison made w1th a packed bed reactor, this eff1c1ent
utilization of enzyme and substrate for what is a very leW'reactlon lends
credence to a stirred tank reactor being a judicious choice. Even so due
“;to the large amount: of carbohydrate produced and the low levels of concen- -
5trat10n allowed many such reactors are requlred | :

Somethlng ought to be sa1d concerning the magnltude of ‘the numbers‘

presented here. While three thousand reactors may seem an exorbitant

<r"number, it must be placed in perspectlve with. the productlon scale. A.pro—

duction of 9.8 x lO9

pounds of glucose per year requlres 3.2 x. lO3 reactors
-ThlS scales down to an‘annual productlon of several million’ pounds of

product per reactorh_ Thls 1s'not‘unreasonable in convent;onal terms;
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ITI. Design of an Enzyme Reactor for ATP. Regeneration

Reactions 6 and 10 of the procesSing seqpence outlined in the Introﬂ
duction (Section I) utilize the high‘energy~phosphate.compound, adenosine
triphosphate [ATPl,es a soufce of chemicel energy. ATP is conVerted to
- adenosine diphosphate (ADP) which must he regenerated to ATP in order that
the Calvin cycle ma& proceed continuously. A hypotheticel process for
ATP regeneration,with.acetyl phosphate is outlined below, with particular'
consideration to design ofjan eﬂzymatic.reaepor Cohtaining aeetate kinase
bound to glass particles in a péeke&"colomn It is assumed that ADP enters
the regeneration process follow1ng separatlon from other reactants and
products by methods whlch,have not been developed fully in the present
study. The proposed reaction sequence is as follows: |

Reaction (1) ADP + Acetyl-P ——— Acetate + ATP
Acétate kinase

coon M POy Cat oy oo+ HO

Reaction (2) CH
3 —700°C > 2 2

Reaction (3) CH2 =C=0 + CHSCOOH —— CH.-@- - -CH3
: Acetlc anhydride

Reaction (4) Acetic anhydride + phosphate gZEld;ﬁefSt? Acetyl phosphate

(as phosphoric
acid)

The flow-sheet of the process is shown in Figure III-1.

Ih.the Calvin cycle 3 moles of ADP are produeed per mo]eof’COZ con-
verted to glucoseﬂ: Assuming the same design basis for the P@A reactor
described aboye, the feed stream to the AIE yegeneration_process will con-

'siet of 3.93 x 107 1/m, of aqueous solution with an ADP contehtvof‘1%27 |
_‘Vlb_moles/m, Figure'llikl illustrates the sequence of process steps.

~ Acetyl phosphate (1727 1b moles/m) is added and Reaction (1) occurs in the
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enzyme reactor to produce ATP and acetate.. AIQS%,conye$SLQn,is-assumed
and the unreacted ADP and acetyl pthphate;(QOﬁQA15_mele/ml_is recycledk
A series of ionvexchange columns is used to,separate the effluents of
the enzyme reactor. The RuDP (683 1b moles/m) and ATP (1727 1b moles/m)
fractions are sent back to the carboxydismutase system at the start of the
cycle. The acetate fraction, eluted with HCl to produce acetic acid, is
utilized to regenerate acetyl pnosphate.

| This fraction is split in two equal parts, the first half of which
produces ketene.(Reaction (2)) in the ketene reactor. Al PO4 is used as
catalyst and conversion per pass at 700°C is about 80% (12). Heat
exchangers H1 and H ‘are coupled (average duty 1.39 x 107 Kcals/min) to
ﬁeat the incoming stream and cool.the effluents respectlvely Heat
exchanger H2 is used to control the reactor temperature at the desired
level. Reactor products are separated in a gas-liquid separator (b.p.
ketene -56°C, b.p. acetic acid 118°C) and the product ketene (gaseous) is
sent to the acetic anhydride reactor. The 1iquid fraction from the
separator (mainly unconverted acetic acid and water) is sent to a dryer
to remove water and is recycled.

The second fraction of the originéi acetic acid stream (liquid) is
sprayed in the anhydride reactor where it comes in contact with_gaseous
ketene to produce acetic anhydride (Reaction (3)). The conversion here is
falrly high, about 90% (lZJ, and the effluents pass through heat exchanger
‘H, which cools it down to 136QC, At thlS temperature only acetic anhydride
is a liquid which is separated from the unreacted gases and transported to
the acetyl phosphate réactor. |

The present knowledge of Reaction. (3) (131;f0r'producing acetyl phos~

_phate from acetic ankydride at 0°C, pH 7.0, with addition of phosphate and
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pyridine, (catalyst): Indicates a low conversion. of 4Q% per’passm Hence,
a major separatiOn_proBlem'exists with»reactor effluents which will
require further research.. HS is a refrlgeratlon system (average duty

5.78 Kcals/m) used to cool the incoming reactants to O°C

‘Description of Process Units

" Item o '>. Description
Enzyme reactor " "7 " Packed bed of porous glass beads coupled
: ~ with acetate kinase enzyme. Reaction taking
place

ADP + acetyl-P ———> ATP +. acetate. Temp. 25°C.

Acetate
kinase
Ketene reactor ' Reaction........... ‘ ‘
CH3CO0H. 750, AP0, Xat (27070 * 10
Ac-Anhydride reactor Reaction CH3COOH +»CH2=C=O
0O 0
— CHS-H;O—g-CHS
Ac-P reactor Ac-Anhydride + pﬁosphate pH 7.0 Ac-P
E : 0°C, pyrldlné
catalyst
H1 HZ’ H H4, H5 Heat exchangers, H1 and H§ are coupled and the

average duty is 1.39 x 10’ Kcals/minute. H,
is an auxiliary heat exchanger for obtaining
the desired temperature of 700°C in the Ketene
reactor. H, cools the anhydride reactor effluents
to 136°C. Hc is a refrigeration unit, average
duty~5;78<x 10° Keals/minute.

R } | Reboiler. |

Dryer - To remoye water from the recycled stream of
‘ unconverted acetlc ‘acid and water.
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|  Enzyme Reactor Design

ImmoBilized«eniyme reattorefhaVe;Been;analyéed by\Kbbayashivand
Moo Young (1) and Lllly, Hornby‘and Crook\(21 The former is a compre-
hensive ana1y51s taklng mass transfer effects in full consideration,
together with the enzyme catalyzed Teaction glven by Michaells-Menten
type klnetlcs. This is followed in our design.

The reaction is carried out in ajpacked bed of porous glass beads
coated with‘the enzyme acetate kinase. The properties of the free enzyme
have been reported by Rose et al. (3) Rose ® and most recently by
Satchell and White (5). Slnce all of the studies were made in free solu-
tion allowance has;to be made for the bound enzyme in our system,_ Average
kZE (kz = M.M. type'kinetic const,‘E#ehzyme fixed per unit volume of sup-
port) ie arbitrarily chosen as 1/10thothat of free enzyme. This is believed
‘to be a conservative estimate. | |
| ' Traditional chemical engineering ﬁethodsdare folloﬁed in‘esttmation
of mass transfer coeffioients (6,7) and pressure drop‘(S) in the bed. It
is assumed that there is no.preVious separation‘step.before'the enzyme
reactor, and hence the-total liquid flow'of 3.93_3.107,1iter5/miﬂ; has to

be handled.

2. Parameters Used for Design_Calculation}‘;f

) E= &0 of erizyme fixed
a T Tc.c. of support’,

Weetal s (11) work was followed on. coupllng of tryp51n.and papaln\on_

96% silica glass (porous? surface area l1am /gml and an. ayerage value of

B of plass  Was chosen. Proper unlt.transformatlon_glyes

=2 gm_enzyme
E=1.4x10 o glass
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o -1
b) k2 = Sec

Satchell and'Whiie"seC§l_reported kzein_free'selutignu= 1,17 Secjlm

For hound enzyme k, was- arbitrarily chosen 1/10th of that in free solu-
~ tion. Scanty reports are available in the literature in this matter and

experimental work is~needed

:cl' Km GMlchaells-Menten Const )

3 moles
1 5 x 10 Titor

Value reported by‘Rose (4) was used Km
"d) RL = Scm Gnass transfer coeff1c1ent in 11qu1d film).
Ranz's (6) correlation was utilized in evaluating kL after calcu-
lating Npe and Ngcs knowing superficial velocity Ug - | |
e) e = void fraction | |
‘YVoid fraction was chosen to be 0.4 for the ﬁacked tower.

gms

o ° cC.C.

f)- S
Concentration of ADP in the stream from the carboxydismutase reactor

was calculated to be 8.2 x 10—3 gn/c.c. A 95% conversion was assumed.

3. Integrated Design Equations

~ The analysis and derivations were obtained from Kobayashi and
Nbe-Young .
For plug-flow conditions the integrated final form of the design -
equationifor the enzyme reactor was |
S,(-Y,) = (8" + 3/4 ')InYe + 3!

- The symbols are explainad under quencléturegg

4, Results and Discussion

Conversion. is assumed at 95%. Tahle 1(a) compares the performance' of
porous and nonsporeus: glass beads as enzyme;suppqrt and the advantage of.

porous support becomes apparent. Since porous beads possess more surface
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area the required height is about 1/2000th:of that of a packed bed of
non-porous: glass beads:." However, the'en@rmgus:presSure drop in either
bed rules out the:ﬁse;bf.a single reactor. |

No useful improvement in pressure drop isgo@tained by decreasing L/D\;::;:>
with a single reacﬁor (Table 1(b)). Using 100 reactors, however, the |
pressure drop is brought down to 3080 H.P.

Table 2 shows calculations for dp = 1 cm. Decrease in L/D ratio
from 3.74 to 0.42 decreases pressure drop per reactor from 16,850 H.P. to
55 H.,P. A calculation of Thiele parameter, however, rules out use of
pdrous beads with,dpr= 1 cm, since as shown in Appendix A, this gives an
effectiveness factor of 0.094. Because of their large diffusional resis-
tance the glass beads are practically behaving as ﬁoh-porous supports
and the substrate uses only a fraction (v0.10) of the available bound
enzyme . | |

Table 3 shows similar results with 1000 reactors and diameter of
porous glass heads = 0.1 cm. Pore diffusion consideration for this case
CAppendiX.A) gives a Thiele parameter of 1.0 and an effectiveness factor -
0.90. Pressure drop is reduced to a more reasonable level of 27.9 H.P.
at L/D = 0.54. A correction factor (corresponding4to_effectiveﬁess factor
of 0.90) may be applied and the length.of-0;54 M increased to 0.60 M to
take care of pore diffusion. - . :;‘ |

Anﬁracticalvdesign:fgr the syétem‘miéht he as foilows:

Number of enzyme reactors = 1,000

Length =~ = 0.60M

Diameter = 7,94 M
Average residence time = 1.5 Sec.
Pressure drop/reactor = 27.9 H.P.
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The number of reactors is. not unreasonably'hlghrln view of the large plant

10

capacity:of 10 lbs glucose’ per year and total llqpld floW‘rate of

70,500. £t°/Sec.

Table 1

Conversion = 95%

d Type E  No.of  Liquid D L spt
P flow rate
i lem) (gm/cc) . reactors (Liter/min) M) ™) (H.P.)
1.0 Porous 0,014 1.0 3.93x107  80.0 29.52  2x10°
1.0 Non-porous 1.86x1077 1.0  3.93x10’  80.0 6470.0  4x10°

~
\\‘ . ’/\ .
e

b) Pérformance Comparison of Single/multiple Reactor with Porous Support

[a
il

1 cm; porous

D
o -3
kE = 1.64 x 1077
Total 1liquid flow rate = 3.93x107 liters/min.
Conversion = 95%
No. of  Liquid flow L D Total AP
in each _ Reactor Vol. L/D
Reactors reactor ) ™) 3 © (H.P.)
(liter/min) M) v
1.0 3.9%107  29.52  80.00  1.47x10° 0.368 2x10°
1.0 3.93x107  22.70 - 1130.00 2.27x10%  0.002 2.93x10°
> 23.80 z,saxlos

_100.D - 3\93k10

llgSQ

2.12

3080

Pressure drop is expressed in term of the equlvalent pumplng Power

requirement at the stated flow rate.
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’ Tablé 7

Effect\of Varlatlon 1n L/D on. Reactor De51gn at d 1‘cm

~ Enzyie support: porous glass beads, dlameter 1 cm
| Liquid flow rate; 3.93 x ¢ 107 liters/min.

Number of reactors: 100;'

Inlet ADP flow~fate: 1818 1b moles/min.

Conversion: 95%
KE = 1.64x107° —805__

2 c.C. SecC.
L D Total U . AP
| Qieters)  Qeters) R\e’%%g P s e P
29.8 8.0 1490x10% 3.74 13,10 91.0 16,850
23.8 1.3 2380x10° 212 6.55 146.0 3,080
106 25.3  5300x10° 042 131 933' 55
Téﬁie 3

'Effect of Variation in L/D on Reactor Design at d_= 0.1 cm

Enzyme support: porous glass beads, dp.=v0.1"cm
Total 11qu1d flow rate 3.93 x 107 1iters/miﬁ.
Number of reactors 1000 | |
Inlet ADP_flow rate: 1818 1b mqles/min."

0

Conversion; 95%
pg:—lﬁ&iQS-—i@;——

| C.C. sec
Lo D Total '
Reactor L/ w T AP
(Meters) (Mete l. @ane I . per Reactor
‘f"fff“fgff{[fvﬂ'fffﬂ5k , ,\s.lf”fff'ff,ﬂf "fu‘ﬁ¢m/?¢91 (sec) (@R~
1.92 3.56 1.92x107 0.540  6.55 11.7 2470
4 0.068 .-1.31°  16.5  27.9

0540 7.94  2.7x10°
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 Effect of Pore Diffusion on Design Calculations

The mass transferlreéistance inside the'pgres was neglected during
theoretical analysis giving rise to equations used in design calculations.
The yalidity of this assumption will be tested by evaluating tﬁe Thiele
modulus of the system.,
Reaction rate; .
[sz/(Kh/Hj]S* for K /H >> S* : @
k,E for km/H§<< S* (2)

2
For present design calculations

k2 EHS*#* =

7.0 x 1070 gm-mole

K/H=3.0x 1073 gm/cc
c.C.

7

S* = 2.8 x 10™* gm/cc = 5.6 x 10°

gm-mole

" c.c.
Therefore: Km/H >>S%*, and equation (1) applies

. This is a first.order reaction (n = 1) with kinetic
T kE R T _ e
constant k = -K]—"l7-H—- |

8 . ..

3.24 x 10~

._1'. :
7.00 x.107°

= 4.63 x 1072 Sec

According to Onda et al. (9) the Thiele modulus h for reaction order n

is given by

4 @)

I

A similar relationship is also given by Petersen (1Q).

For d =1
For d, =1

R v
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The glass beads are pract'icaliy behaving as"NON-porous Supports, since
the substrate utilizes only a fraction (0.10J.of the ayailable surface

area bound enzyme. The System is vastly: underdes_igned'.,‘

For d° = 0.1 cm
r d = 0.1
R= "2 = 1.070
E.F. > 0.90

In this case the internal mass transfer resistance may be neglected since
the Thiele parameter is small and effectiveness factor is very near to

unity.
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Nomenclature

Any System' e,f consistent units- may be used. .
a external surface area of suppo'rt per unit yolume of réactor, L'_ll
D diameter of reactor, L

DL.'molecular diffusivity of substrate ADP) LZ/ t

-D dlffuswlty of substrate within the support (asseumed to be 10 - E cmz/sec) R
L /t .

dp di‘aqneter of support particle, L

- E enzyme concentration in support, M/-L3
EF effecti;ueness factor, dimensionless -
H. partition coefficient, dimensionless
h Thiele modulus .

Km Michaelis--Menten eonstant M/L3

k reacg ?n rafe constant when reactlon rate is expressed in the form ks™,

M/L7)
k mass transfer coefficient in 11qu1d film, L/t
k2 rate constant, t T
L reactor 1eﬁgth, L
HNRe Reynolds number = udpp/u, dimensionless
n' order of reaction - ' : " :
" r reaction rate, M/ L3
S substrate (ADP) conCentration, M/L3
S0 substrate (ADP) concentratlon of feed M/L
S* concentration of substrate (ADP) at the surface o;E support M/L
u superficial veloc1ty of liquid, L/t |
Y dimensionless concentration. (=S/Sol

- Y outlet dimensionless concentration’ of substrate

z dimensionless longitudinal distance = 1/L
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Greek Letters B | <

o dhnen'sifonlés's' parélnetef'= kZE@ - e:.L/kLaS.é' _
at= S, WL o .
8 dimensionless paramei:er'= K m/HSo

8" = 6S,, ML

e Void volume per unit volume of reactor, dimensionless
. A dimensionless parameter = quw |
A% = 2, WL? |

p density of substrate solution, M“/L3

ij viscosity of substrate solution, M/tL

T retention time, L/v, t

w dimensionless. parameter G(La/ el"r
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Iy, Separation of RuDP and PGA by Diglysis

An essential consideration Aink the syn_the’s:if_‘_sr of the Calvin cycle is
the separation o_,f the products from the"'yari“gus ‘reactors. As an ekwnple
of the problems involved, a hypothetical process.‘ for the séparafic'm of-
PGA from the RuDP-PGA solution coming from the first reactor of ‘Figure I-1
- was inyestigated. The method selected employs a multistége dialysis
cascade which is s-hpwn_ schematically in Figure v-1. A ljmique feature of.
the process is the employment of evaporation to establish effective driving
forces for diffusion, and also to reduce the membrane area relative to
that required for more dilute solutions.

The membranes were assumed to have the proiﬁefties of the Dow Chemical
Co. hollow fiber membranes. These were cylindrical . tubes of cellulose
with an average pore'diameter of 20 R. From the reported data on the
separation of NaCl from ra}ffinose in aqueous solution, and from the pre-
viously observed variation of the diffusion coefficiehts with the solute
molar volumes .(1) the capacity coefficient for the membranes, UA’ was
empirically fitted to a simplified form of the more general euqation pre-
sented by Perry (2): | |

3

UA = 1,02 x 10 »VA

where UA overall capacity coefficient for component A, &/ c:m2 min

0.6 1 +0.750/F) ‘ V-1

V, = molar volume of A, cms/"gm mole
F = the Faxen drag factor

The diffusion flux of a given component across the membrane is given

by the equation:

NA = UA@AIA—“CAZL | . v -2
where Ny = diffusion flux of component A,h'g‘m moles/mifn,'CInz
C Al’CAZ = concentration of component A on sides 1 and 2, respectively,

gm moles/liter
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_ Figr,IV-1A , FLOW, DIAGRAM FOR DIALYSIS SEPARATION PROCESS

.M = menbrane Qnit - HZO
E = evaporators
H30
- l__ o
storage 1 _
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H,0
2", | E
E . | .
-
—
— i el
4 ]
. v
H50 . .
2 T ¥ o E
- | storage 20 . |
Bottom Product: — ‘ I

4.84%,PGA .
58.16% RuDP " ., .



For any stage, , in a cascade, the mass_balance and flux equatlons

must be satisfied for each component. These equations are:

Lyer Xaner * Vet Yagnar = I fan P VY Iy-3

VN Yan = Uy ACay Cap) . | - 1v-4

V@ Yy ) = Up ACey~Cpp) S V-5
where

L = total flow of solute exiting from the feed 51de of the stage

(side 1), gm moles/min

total flow of solute exiting from the dialyzate side of the
stage (side 2), gm moles/ min

Vv

XA?YA;= mole fraction of component A in the feed and dialyzate streams,
a - respectively

The concentrations on either side of the membrane can be maintained
at desired levels by control of the water content of the streams through
evaporation and adjustment of the fresh water flow rate into the_dialy-
zate sidén |

A numerical solution by computer was worked out for the following
~ separation and operating conditions:

Total number of stages: 20
Feed stage (from top): X1’
Gross feed rate (before evaporation): 3.93 x 10’ 2/min

-3

Gross feed composition: PGA = 6.78 x 10 ™ M

3y

| RuDP = 1.0 x 10
Net flow to feed stage: 3.93 x 10 &/min.
Ratig of solute to solyent¢ 778 moles solute/llter water
Ratio of dialyzaté flow rate to feed flow rate into each‘stage = 10
'Feed compositign:(yater free basis); fPGA (mole fraction) = 0.871

" RuDP (mole fraction) = 0.129
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Top product composition‘(whter freefbaaislp PGA (mole fraction)

n

RuDP: Cmole fractlon)

‘Bottom product comp051tlon (Water free ba51s)

PGA (mole fraction) = 0.4184 :
| RUDP (mole fraction) = 0.5816
Splitvof feed (solute only); Top producf; 80%
Bottom product: 20%
% Recovery of PGA = 90.96% | |
" Ratio of L to total moles of solute in feed =
Membrane area required .(per mole of feed per min):
Stage . - Ared anl -~ Stage : Areai@nz)
1 (top) 7.0239 11 (feed) 25.5978
2 24.2543 L 12  25.6859
3 24.3718 ' 13 25.8324
.4 24 .4995 . 4 26.0755 -
5 24,6367 15 0 26.4754
6 24 .7825 ' - 16 - . 27.1213
7 24.9358 , 17 28.1318
8 25.0954 . .18 29.6361
-9 25.2598 : 19 ‘ 31.7190
10 25.4277 20 ¢ 34,3352
_ A -

Total area/mole feed/min = 510.5980 m

Total area for full scale process = 156,140,856 m2

=1, 678 482,732 ft

‘Dlscu551on o .

0.9903
0.0097

It appears that a good recovery and purlty Qf PGA 1is p0551b1e w1th_'4

‘dialysis prov1ded that it 1s perm1551b1e to recycle the hottom product
mlxture of PGA and RuDP to the flrst reactor\ Howeyer, - the total cost

should be determlned for comparlson.w1th\p0551b1e alternatlve methods

Detailed analys1s of the heat or power requlrement for evaporatlon“'

has not been included 1n\thls ‘study. fIn\actual practice heat recovery
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would bereffected thrOugh;the,use of multiheﬁfeCt evapqratibnfor vapor
recompresSiOncprinciples;“in;whichsuateerapor from a stage is used to
evaporate water in that stage or in. other stages at lower pressuxes.

In the present. example? a total evaporatlon requlrement of 4333 lb
.of wWater per 1b of feed is 1nd1cated By su1tab1e heat recovery arrange-
ments it mlght be pos51b1e to obtaln an evaporatlon of 10 lb of water
per 1b of steam Supplled for evaporatlon (or its: equlvalent in vapor
recompre551on) . This would result in a net steam consumptlon of 385 1b

per 1b. of PGA recovered ThlS obv1ously is-a serious cost factor

- amountlng to on,the order of $ 05/1b of PGA, or $. 10/lb glucose product

It is not p0551b1e to estnnate the membrane costsbecause present ’
prlces are based on small scale usage As a rough estimate,. assumlng
that cost decreases w1th.capac1ty, the membrane units spec1f1ed here
| 4m1ght cost $5 OO/ft »Approx1mate1y-0.337_ft‘.of membrane is needed per
1b of PGA .recovered per'year. Total membrane costffor the present example
- would be $8.4 billion! It should be"noted that ‘the present process assumed
wellﬁnixed»stages,>whereas inapractice‘a counter current flow of‘diaiyzate'
- versus feed streams would probably be used. Counterfcurrent flow,would
provide a larger average driving force for diffusion and‘giveba iOWer'mem-
. brane area'reQuirementi In this present case, about a 504 ‘reduction'in7.
area would result. Therefore the present de51gn 1s conservatlve
Further study of the present type of d1a1y51s separatlon w111 be
requlred to establlsh\optxmum arrangements of stages and flow rates Por
example the separatloncestxmated above requlred 20 stages whereas the
minimm number of stages accordlng to the- Fenske equatlonsls 5.2 stages

This suggests that further Improvement in the process is p0551b1e

A
N .
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On the basis of the rough costs estimated abqyed the’proposed method
does not appear econqmicaily~feasible at.pfeseni glucose prices. Vefy
substantial improvements in diffusion rates.through the membranes and
energy: reduction will be necessary. HQwéver, the method may be useful in
special situations where higher separation expense can be justified.
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V... Energy Considerations

- The present proceSS replaces the'enargy,nQrmally\receiyéd from sﬁnf
light in photosynthesis Bywenergy in the form,éf heat of combustion from
fossil fuel or equfvalentAelectriéalvenergy; Major energy: inputs are
'bassociated with the chemicai‘regenerationAof ATP and NADP'aidng with other
inputs for separation processes, pumping of fluids, etc.

The minimum energy requirement to produce glucose ‘from CO2 and HZO
 must4be the heat of combustion of glucose, or 6730 BTU/1b of glucose.

If hydrocarbon oil is burned to produce the C0,, i.e., from power plant-
stack gas, and if it is assumed that only 90% of the CO2 éupplied to the
process is converted to glucose because of incomplete absorption in the
carboxylase reactor, then 42.7% of the available thermal energy of the-
power plant fuel would be required‘fo provide'the'minimumtheat«for-the

| glucose pfoduction.. This estimate aséumes a hormal boiler furnace thermal
efficiency of 80%. However, this total energy estimatg is conservative
because of other inefficiencies of the various process steps.

To provide a more realistic estimate of the energy requirement, the‘
heat neéessary to regenerate ADP to ATP according to the process‘described
in Sectioﬁ ITT was estimated. As a rough estimate, the regeneratioﬁ‘energy
inputs amount to 42.7 BTU/Ib ATP formed. Each.1b of ATP releases 24.9 BIUC J
. of'’chemical energy to drivelﬁhe phgtosynthgticvreactighs“ Thé oﬁérall
thermal efficiency of this step is, therefqreg only 58.1%. If it méy be -
assumed that a similar’fﬁetmal efficiency‘Wbuldﬁbg thained in NADP
regeneration, a reyised minimum energy- input of ll,SSQ BTU/lb of glucose
produced willlbe neééSsary~ Tﬁis‘latter ﬁfgﬁre»is equivalent to 73.4% of

the energy: available from combustion of the fuel o0il.
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I't would appear, tﬁerefore , tﬁat the’ i;dea'qf en;plqying this pfocess, as
a means of utilization of power p'lant_ stack gases is p_robably‘ unrealistic. |
If otﬁeri inefficiencies in energy: utiflizati;o_n, including separation process
requirements are considered there would be very little, if an}'f',' energy
left for power generation. The combustion facility might as well be
designed specifically for carbohydrate production.

It is evident, therefore, that any further engineering assessment
of this process should give careful consideration to Qnergy requirements
and methods for minimizing all thermal inefficiencieé in the various

process steps N
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- VI Other Englneerlng Aspects

Fundamental 1nformat10n is needed on the k;netlc parameters and
ylelds of the. Varlous enzvmatlc reactlons Sultable enzyme supports and.
act1v1t1es 1nc1nsolu61112ed form should be determlned to permlt reactor
- design for each step. | | | R

Further study of energy requ1rements, 1nc1ud1ng heatlng and coollng
of process~streams, pumping and other ut111ty~needs.1s'necessary.

| Additional consideration.should'be'givenfto aiternative sources'of-

CO' of the required purity. Sources of the various enzymes in large
quantlty'must also be developed

Alternate types of processes should be 1nvest1gated for separatlon
-of 1norgan1c ions in view of ‘the exce551ve costs’ estnnated for d1a1y51s'
Also, the choice of method for separatlng the product glucose from 1nor-'£i:
- ganlc Impurltles must be made.: | | |
The foreg01ng sectlons have endeavored to 1nd1cate a number of repre-;4

' sentatlve problems whlch.arlse in the assessment of thls partlcular R

4

: 1mmob111zed enzyme process In addltlon, there are those aspects whlch

Qe

are 1nvolved 1n,more conventlonal chemlcal process designs.



